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ABSTRACT
A la b o ra to ry  s tu d y  was conducted  to  determ ine th e  e f f e c t  o f 
submergence or w a te r lo g g in g  on d e n l t r l f l c a t l o n  and physicochem ical 
p ro p e r t ie s  o f 26 L o u is ian a  s o i l s .
N i t r a te  re d u c tio n  r a t e s  were determ ined  u sin g  both  a q u a n t i t a ­
t iv e  and a q u a l i t a t iv e  t e s t  fo r  n i t r a t e .  The two methods were In  
g enera l agreem ent. N i t r a te  re d u c tio n  was d i r e c t ly  c o r re la te d  w ith  
c lay  and o rg an ic  m a tte r  c o n te n ts  and th e  ev o lu tio n  o f  CO2 and CH4 . 
N i t r a te  re d u c tio n  r a t e s  were a lm ost in v a r ia b ly  in c reased  by adding 
o rgan ic  m a tte r .
D e n i t r i f i c a t io n  was s tu d ie d  u s in g  th e  mass sp ec tro m eter fo r  gas 
a n a ly s is .  N itro g en  gas re co v e ry  from added n i t r a t e  ranged from 0 . 3  to 
80.07a. N itrogen  was th e  only  n itro g e n o u s  gas d e te c te d  in  a p p re c ia b le  
amounts. A ll o f  th e  added n i t r a t e  was reduced  by th e  s o i l s .
E x tra c ta b le  ammonia was in c re a se d  by submergence. Ammonia 
co n c e n tra tio n  was d i r e c t l y  r e l a t e d  to  c la y  and o rg an ic  m a tte r  
c o n te n ts . A d d itio n a l o rg a n ic  m a tte r  r e s u l te d  in  an in c re a se  in  
ammonia p ro d u c tio n . W ith some s o i l s  t h i s  in c re a se  in  ammonia 
was g re a te r  th an  th e  amount p re s e n t  as n itro g e n  in  th e  added o rg an ic  
m a tte r .
E x tra c ta b le  f e r ro u s  i ro n  was in c re a se d  markedly by submergence. 
F errous iro n  was d i r e c t ly  c o r r e la te d  w ith  c lay  and o rg an ic  m a tte r  
c o n te n ts , The more a c id  s o i l s  had h ig h e r  fe rro u s  iro n  c o n c e n tra tio n s .
ix
There was a d i r e c t  c o r r e la t io n  o f  fe rro u s  I ro n  w ith  CO2  and CH4  
e v o lu t io n s .  A d d itio n a l o rg an ic  m a tte r  tended  to  in c r e a s e  iro n  
r e d u c t io n .
E x tr a c ta b le  phosphorus c o n c e n tra tio n s  were in c re a s e d  an average 
o f  21% by subm ergence. The o rg an ic  m a tte r  c o n te n t of th e  s o i l  
a f f e c te d  th e  amount o f phosphorus r e le a s e d .  S o ils  w ith  f e r ro u s  i ro n  
c o n c e n tra t io n s  a f t e r  submergence o f 1800 p a r t s  p e r  m i l l io n  or le s s
showed l i t t l e  o r no in c re a se  in  phosphorus e x t r a c t a b i l i t y ; s o i l s
(>
which r e le a s e d  h ig h e r  amounts o f  fe rro u s  i r o n  r e le a s e d  la rg e  amounts 
o f  phosphorus.
E x tr a c ta b le  manganese in c rea sed  ap p rox im ate ly  s ix - f o ld  a s  a 
r e s u l t  o f  subm ergence. Added o rg an ic  m a tte r  was n o t  n e c e s sa ry  fo r 
m anganese re d u c tio n .
S o i l  pH b e fo re  and a f t e r  submergence was r e l a t e d .  S o i ls  w ith
V
i n i t i a l  pH v a lu e s  below 7 .4  in c rea sed  ap p rox im ate ly  o n e -h a lf  pH 
u n i t  p e r  pH u n i t  below 7 .4 ; s o i l s  w ith  i n i t i a l  pH v a lu e s  above 7 .4  
d ec re a se d  approx im ate ly  o n e -h a lf  pH u n i t  p er pH u n i t  above 7 .4 .  
I n c re a s e s  in  pH were a t t r ib u te d  to  h y d ro ly s is  o f  m in e ra ls  and the  
in c re a s e d  s o lu b i l i t y  o f re d u c tio n  p ro d u c ts . D ecreases were p ro b ab ly  
due to  o rg a n ic  a c id s  and CO2 p ro d u c tio n . The pH a f t e r  submergence 
appeared  to  be b u ffe re d  a t  around n e u t r a l i t y  by some s o l i d  s t a t e  
s u b s ta n c e , p robab ly  fe rro u s  ca rb o n a te .
In c re a s e s  in  s p e c i f ic  c o n d u c tiv ity  a f t e r  subm ergence w ere d i r e c t ly  
r e l a t e d  to  c la y ,  o rg an ic  m a t te r ,  ammonia, f e r ro u s  i r o n ,  phosphorus,
CO2 and CH4  p ro d u c tio n . S o ils  w ith  h igh  i n i t i a l  n i t r a t e  c o n c e n tra tio n s
d ecreased  in  s p e c i f ic  c o n d u c tiv ity  a f t e r  subm ergence. A d d itio n a l 
o rg an ic  m a tte r  in c re a se d  s p e c i f i c  c o n d u c tiv ity .
Eh m easurem ents were conducted  in  s p e c ia l  p la tin u m  e le c tro d e  
tu b e s . Eh and pH w ere in v e r s e ly  r e l a t e d  im m ediately a f t e r  flo o d in g  
w ith  an Eh - pH s lo p e  o f -0 .0 6 2  v o l t s  p er pH u n i t .  Eh v a lu e s  q u ick ly  
dropped a f t e r  f lo o d in g , and added o rg a n ic  m a tte r  a c c e le ra te d  th i s  
d ro p . The drop in  Eh a f t e r  submergence was r e ta rd e d  in  th o se  s o i l s  
which r e le a s e d  la rg e  amounts o f i r o n .  The re d u c tio n  o f i ro n  oxide 
b u ffe re d  th e  re d u c tio n  p ro c e ss  in  th e  s o i l .  Eh and pH were in v e rse ly  
c o r re la te d  30 days a f t e r  submergence w ith  an Eh - pH s lope  o f  -0 .036  
v o l t s  per pH u n i t .
CO2 and CH4 ' e v o lu t io n  m easurem ents under w aterlogged  c o n d itio n s  
w ere made w ith  a mass sp ec tro m e te r u s in g  s p e c ia l  in c u b a tio n  j a r s .  CO2 
and CH4  w ere d i r e c t ly  c o r r e la te d  w ith  each o th e r  and w ith  c la y  and 
o rg a n ic  m a tte r  c o n te n ts .  G e n e ra lly , la r g e r  amounts o f C0 2 thanCH4  
w ere evolved from th e  f lo o d ed  s o i l s .
xi
INTRODUCTION
W aterlogg ing  o f  s o i l s  commonly o ccu rs  in  L o u is ian a  because  o f  th e  
f a i r l y  h ig h  r a i n f a l l  and th e  poor s u rfa c e  and in te r n a l  d ra in ag e  o f 
some s o i l s .  O ther s o i l s  th a t  a re  used  fo r  r i c e  a re  i n t e n t io n a l ly  
flooded  fo r  a  la rg e  p a r t  o f th e  growing season . The physicochem ical 
and b io lo g ic a l  changes th a t  accompany w a te rlo g g in g  or submergence a re  
im p o rtan t s in c e  th ey  c o n tr ib u te  to  th e  s u i t a b i l i t y  o f th e  s o i l  fo r  
crop p ro d u c tio n .
The p r o p e r t ie s  o f  a w ate rlo g g ed  s o i l  a re  s u b s ta n t ia l ly  d i f f e r e n t  
from th o se  o f  a w e ll  d ra in e d  s o i l .  In  a w e ll d ra in ed  s o i l  th e re  i s  
enough oxygen a v a i la b le  from th e  atm osphere fo r  m icroorganism s and 
h ig h e r  p la n t s .  F lo o d in g  th e  s o i l  changes t h i s  c o n d itio n  co m p le te ly . 
Oxygen movement th ro u g h  th e  f lo o d  w a te r i s  so slow th a t  th e  s o i l  no 
lo n g er has a supp ly  o f  oxygen. In  th e  absence o f  oxygen f a c u l t a t iv e  
anaerobes and t r u e  anaerobes become a c t iv e .  Reduced o rg a n ic  and 
in o rg a n ic  su b s ta n c e s  a re  p roduced. Many o x id a tio n  - r e d u c tio n  system s 
in  th e  s o i l  t h a t  a re  im p o rtan t to  th e  n u t r i t i o n  o f p la n ts  a re  a f f e c te d  
by th e  a n a e ro b ic  c o n d itio n  th a t  r e s u l t s  from w a te rlo g g in g . N i t r a te  
n itro g e n  p re s e n t  in  th e  s o i l  i s  s u b je c t  to  d e n i t r i f i c a t i o n  and lo s s  
from th e  s o i l .  O rganic m a tte r  decom position  i s  slow er and l e s s  com­
p le te  under an a e ro b ic  c o n d it io n s . N itro g en  r e le a s e d  th rough o rg a n ic  
m a tte r  decom position  accum ulates in  th e  ammonium form s in c e  a e ro b ic  
c o n d itio n s  a re  n e c e ssa ry  fo r  th e  m ic ro b ia l o x id a tio n  o f ammonia to  
n i t r a t e .  A naerob ic  c o n d it io n s  a ls o  r e s u l t  in  th e  re d u c tio n  o f  i ro n  and
manganese compounds to  more s o lu b le  form s. Phosphorus app ears  to  be 
more a v a i la b le  under reduced  c o n d it io n s .  S o il  pH i s  a ls o  in f lu e n c e d  
by subm ergence. The pH o f reduced  s o i l s  i s  g e n e ra l ly  h ig h e r  and has 
a  narrow er ran g e  than  th e  pH under w e ll d ra in ed  c o n d it io n s .
T his s tu d y  was designed  to  m easure th e  e f f e c t  o f  w a te rlo g g in g  
o r submergence on s e v e ra l  b io lo g ic a l  and physicochem ical s o i l  p r o p e r i t i e s  
im p o rtan t to  p la n t  n u t r i t i o n  and grow th. More s p e c i f i c a l l y  t h i s  study  
was d esig n ed  to  s tudy :
(a) N i t r a te  re d u c tio n  r a t e s  and d e n i t r i f i c a t i o n  under w a te r ­
logged or submerged c o n d it io n s .
(b) Ammonia accum ulation  under submerged c o n d it io n s .
(c) The accum ulation  o f fe r ro u s  i ro n  and manganous manganese 
in  th e  s o i l  under submerged c o n d it io n s .
(d) The r e le a s e  o f  phosphorus from u n a v a ila b le  to  a v a i la b le  
forms as a r e s u l t  o f  subm ergence.
(e) The e f f e c t  o f  submergence on pH, redox  p o te n t ia l  and 
s p e c i f ic  c o n d u c tiv ity  o f  th e  s o i l .
( f )  The p ro d u c tio n  o f methane and carbon d io x id e  under w a te r ­
logged c o n d it io n s .
(g) The in t e r r e l a t i o n s  o f  th e  v a r io u s  phy sico ch em ical and 
b io lo g ic a l  changes ta k in g  p la c e  as a  r e s u l t  o f submergence.
REVIEW OF LITERATURE
The chem ical and p h y s ic a l  p r o p e r t ie s  o f  f lo o d ed  s o i l s  a re  In  
many r e s p e c ts  q u i te  d i f f e r e n t  from th o se  o f w e ll  dr&lned s o i l s .  The 
fo llo w in g  l i t e r a t u r e  rev iew  makes an a ttem p t to  p re se n t In  chrono­
lo g ic a l  sequence th e  re s e a rc h  d e a lin g  w ith  many s ig n i f i c a n t  p h ysico ­
chem ical s o i l  p r o p e r t ie s  th a t  a re  a f f e c te d  by submergence. These 
changes in  physicochem ical s o i l  p r o p e r t ie s  a re  c lo s e ly  r e la te d  to  
co n cu rren t b io lo g ic a l  changes.
The physicochem ical and b io lo g ic a l  changes to  be d e a l t  w ith  
a re :  (a) n i t r a t e  re d u c tio n  and d e n i t r i f i c a t i o n ,  (b) ammonia accumu­
l a t i o n ,  (c ) iro n  re d u c tio n , (d) phosphorus r e l e a s e ,  (e) manganese 
re d u c tio n , ( f )  pH, (g) s p e c i f i c  c o n d u c t iv i ty ,  (h) redox p o te n t ia l  
and ( i )  gas p ro d u c tio n .
N i t r a te  R eduction  and D e n i t r i f i c a t i o n .
The l i t e r a t u r e  on n i t r a t e  r e d u c tio n  and d e n i t r i f i c a t i o n  i s  
e x te n s iv e  and o f te n  c o n tr a d ic to ry .  R ecen tly  d e f in i t e  p ro g ress  
has been made w ith  th e  use o f  th e  mass sp ec tro m e te r and o th e r  advanced 
tech n iq u es  fo r  id e n t i fy in g  and m easuring  gaseous p ro d u c ts . N itr a te  
re d u c tio n  u s u a lly  app ears  under c o n d itio n s  o f  a l im ite d  oxygen supp ly . 
N i t r a te  se rv e s  a s  th e  hydrogen a c c e p to r  fo r  some s o i l  m icroorganism s 
in  enzym atic dehydrogenation  o f  th e  o rg a n ic  o r in o rg a n ic  s u b s t r a te ,  
N i t r a te  re d u c tio n  in  th e  l a t t e r  sen se  has been c a l le d  " d e n i t r i f i c a t i o n 1 
in  o rd e r to  d is t in g u is h  t h i s  from th e  n i t r a t e  re d u c tio n  in  connection  
w ith  n i t r a t e  a s s im ila t io n  as a  n u t r i e n t  by m icroorgan ism s. The
mechanism o f  d e n i t r i f i c a t i o n  i a  n o t f u l l y  u n d ers to o d . T h is  p ro ce ss  
g e n e ra lly  le a d s  to  gaseous re d u c tio n  p ro d u c ts  o f n i t r a t e  such as 
n i t r o u s  ox ide  (N2 O ), n i t r i c  o x id e , (NO), and m o lecu la r n i t ro g e n ,  (N2 ) • 
Thus, d e n i t r i f i c a t i o n  causes a  d i r e c t  lo s s  o f  p la n t - a v a i la b le  n i t ro g e n  
in  th e  s o i l .
F raps (1906) in  d e a lin g  w ith  r i c e  s o i l s  in  Texas s ta t e d  th a t  
d u rin g  f lo o d in g  no n i t r i f i c a t i o n  took p la ce  b u t th a t  r e d u c tio n  o f 
n i t r a t e s  o r d e n i t r i f l d a t i o n  was in d ic a te d .  Working in  H aw aii, K elly  
(1911) observed  t h a t  swamping le d  to  a c o n s id e ra b le  f a l l  in  th e  n i t r a t e  
c o n te n t and th a t  n i t r i t e s  formed were to x ic  to  p la n t s .  Among e a r ly  
in v e s t ig a to r s  G reaves and C a rte r  (1920), in  U tah, s tu d ie d  th e  
in f lu e n c e  o f  m o is tu re  on b a c t e r i a l  a c t i v i t i e s  o f th e  s o i l .  They 
dem onstra ted  th e  im p o rtan t r o le  th a t  m icroorganism s p lay  in  s o i l  t r a n s ­
fo rm a tio n s . W ith re g a rd s  to  n i t r a t e  n i tro g e n  they  found th a t  th e  
q u a n ti ty  accum ula ting  in  th e  s o i l  p ro g re s s iv e ly  in c re a se d  w ith  in ­
c re a s in g  w a te r up to  60 p er c en t o f  th e  w a te r-h o ld in g  c a p a c ity .
S tu d ie s  on w a te rlo g g ed  s o i l s ,  from In d ia  and Rotham sted, by 
Subrahmanyan (1927) re v e a le d  a s ig n i f ic a n t  though only  s l i g h t  dim inu­
t io n  in  th e  n i t r a t e  n i tro g e n  in  te n  days. The amounts l o s t  had no 
r e l a t i o n  to  e i t h e r  th e  r e s p e c t iv e  t o t a l  n itro g e n  c o n te n ts  o r  amounts 
o f  n i t r a t e s  o r ig in a l ly  p r e s e n t .  F u rth erm o re , th e re  was no marked 
lo s s  o f ammonia by v o l a t i l i z a t i o n ,  no r any c o n s id e ra b le  v a r i a t io n  in  
th e  n i t r i t e s  so t h a t  th e  t o t a l  n i tro g e n  d id  n o t v ary  n o tic e a b ly .
Jan ssen  and M etzger (1928) found th a t  f lo o d in g  r i c e  s o i l s  r e s u l te d  in  
a g re a t  r e d u c tio n  o f  th e  n i t r a t e s  though th e  n i t r i t e  co n ten t never 
ro se  s ig n i f i c a n t ly .
F u rth e r  work by Subrahmanyan (1929) in d ic a te d  th a t  in  th e  absence 
o f  decomposing o rg an ic  m a tte r  n i t ro g e n  was n o t l o s t  when n i t r a t e s  were 
added. There w as, n e v e r th e le s s ,  a  r a p id  d e p le t io n  o f n i t r a t e s ,  when 
sm all q u a n t i t i e s  o f  fe rm en tab le  m a t te r ,  such as  g lu c o se , were added.
T h is r a p id  d isap p earan ce  o f  n i t r a t e s  he a t t r i b u t e d  to  tra n sfo rm a tio n  
in to  o th e r  forms o f  n i t ro g e n , nam ely, a s s im ila t io n  by m icroorganism s.
P r e s c o t t  and P ip e r (1930) s tu d ie d  a  sou th  A u s tra l ia n  s o i l  w ith  
re g a rd s  to  n i t r a t e  f lu c tu a t io n s  and found th a t  beyond 70 p e r cen t 
s a tu r a t io n  c o n d itio n s  e x is te d  w hich were fa v o ra b le  fo r  th e  d isappearance  
o f n i t r a t e s .
De and Sarkar (1936) added n i t r a t e s  to  w a te rlo g g ed  s o i l s  which 
th ey  in c u b a ted  and sampled up to  30 days. They found th a t  under 
th e se  c o n d itio n s  th e r e  was a r a p id  d isap p e aran ce  o f  n i t r a t e s .  This 
lo s s  o f  n i t r a t e  was n o t a t t r i b u t e d  to  th e  re d u c tio n  o f n i t r a t e  to  
asxnonia. There was a lso  no ev idence  to  show th a t  n i t r a t e s  were 
d e n i t r i f i e d  under th e se  c o n d it io n s .  They presumed th a t  n i t r a t e s  were 
a s s im ila te d  by m icroorganism s in  th e  p resen ce  o f an energy m a te r ia l .
T h is  view  was supported  when th ey  o b ta in e d  a r i s e  in  b a c t e r i a l  numbers 
and an in c re a se  carbon d io x id e  p ro d u c tio n .
Q x id a tio n -re d u c tio n  p o te n t ia l  s tu d ie s  re v e a le d  to  P e a r s a l l  and 
M ortim er (1939) t h a t  below a p o te n t i a l  o f  350 m i l l i v o l t s ,  app rox im ate ly , 
c o r re c te d  to  pH 5 , n i t r a t e s  d isa p p e a re d  due to  re d u c tio n  an d /o r 
d e n i t r i f i c a t i o n .
Work by W il l is  and S tu rg is  (1945), in  L o u is ia n a , a t t r i b u t e  some 
n i t ro g e n  lo s s e s  to  changes in  te m p e ra tu re  and r e a c t io n  in  flooded  s o i l s .  
The q u a n t i t i e s  o f n i t ro g e n  l o s t  as ammonia a t  100°F were la rg e  w ith
a h igh  s o i l  n i t ro g e n  c o n te n t .  The lo s s e s  wqre com para tive ly  sm all a t  
80 to  85°F w ith  a  low s o i l  n i t ro g e n  c o n te n t.  In c rea se d  lo s s e s  o f 
n itro g e n  o c cu rred  w ith  a d e c re a se  in  hydrogen ion  c o n c e n tra tio n . The 
n e t  e f f e c t  o f  th e s e  f in d in g s  su g g ested  th a t  ammonium n itro g e n  in  
flo o d ed  s o i l  w a te r i s  u n s ta b le  a s  a r e s u l t  o f  a lk a l in i t y  and h igh  
te m p e ra tu re s , 85 to  107°F.
The t o t a l  n i t ro g e n  c o n te n t o f  s o i l s  rem ained v i r t u a l l y  c o n s ta n t 
th roughou t th e  y ea r in  r i c e  s o i l s  a t  D acca, In d ia ,  acco rd in g  to  Bhuiyan 
(1949), b u t d u rin g  th e  w a te r lo g g in g  p e r io d  n i t r a t e s  were a b se n t.
Employing th e  u se  o f  i s o to p ic  n i tro g e n -1 5 , Jones (1951) d isc a rd e d  
th e  su g g ested  mechanism o f  n i tro g e n  lo s s  by th e  Van Slyke r e a c t io n  in  
which n i t r a t e s  r e a c t  w ith  compounds such as ammonia o r amino a c id s  
to  l i b e r a t e  an eq u a l amount o f n i t ro g e n  gas fo r  each o f th e  r e a c t in g  
groups as fo llo w s:
RNH2  +  HN02  -------> ROH + H20 +  N2
Most o f th e  n i t r a t e  l o s t  he co n s id e red  to  be due to  d e n tr if y in g  b a c te r ia  
th a t  u t i l i z e  th e  oxygen o f  th e s e  compounds to  l i b e r a te  n i tro g e n  g as . 
Under an ae ro b ic  c o n d it io n s  80 p e r cen t o f  th e  added n itro g e n  was l o s t  
as n i tro g e n  gas w ith in  th r e e  days. The r a t e  and e x te n t  o f  lo s s  was 
alm ost as g r e a t  w here no so u rce  o f energy was su p p lie d  as where 0 .5  
per c e n t su c ro se  was added.
D e n i t r i f i c a t io n  was d em onstra ted  under a e ro b ic  and p a r t ly  
an ae ro b ic  c o n d itio n s  by B roadbent (1951), in  C a l i fo rn ia .  The s o i l s  
under s tudy  a l l  had l e s s  th an  1 .5  p er cen t o rg a n ic  carbon and d e n i­
t r i f i c a t i o n  took  p la c e  even w ith o u t added o rg a n ic  m a t te r .  Below 4 .5  
per c en t oxygen, n i t r a t e s  d isap p e a red  from u n tre a te d  s o i l s .  There was
a  l o s t  o f  n i t ro g e n  a t  a l l  oxygen le v e ls  when n i t r a t e  o r  ground c lo v e r  
was added. Only a t  th e  low est oxygen le v e l  o f  0 .1 4  p e r  c e n t was th e re  
a  u t i l i z a t i o n  o f  n i t r a t e  fo r  o x id a tio n  o f  o rg a n ic  m a tte r  as ev idenced  
by g r e a te r  carbon  d io x id e  p ro d u c tio n  in  th e  p re sen ce  o f  n i t r a t e .  
B roadbent contended th a t  th e  r a t e  o f d e n i t r i f i c a t i o n  was more a f f e c te d  
by th e  q u a n t i t i e s  o f n i t r a t e  and o x id iz a b le  carbon  in  th e  s o i l  than  
by th e  p a r t i a l  p re s s u re  o f oxygen. Most n i t r a t e s  w ere l o s t  a t  pH 
6 .3 .  F u rth e rm o re , he su g g ested  th a t  a low oxygen c o n c e n tra tio n  was 
n o t a  n e c e ssa ry  c o n d itio n  fo r  th e  d e n i t r i f i c a t i o n  p ro c e s s , and th a t  
co n seq u en tly  th e  la rg e  lo s s e s  o f n i t ro g e n  from  C a l i f o rn ia  s o i l s  were 
p ro b ab ly  due to  a e ro b ic  d e n i t r i f i c a t i o n .
Jan sso n  and C lark  (1952) s tu d ie d  d e n i t r i f i c a t i o n  from th e  b io ­
lo g ic a l  p o in t  o f  v iew . They found th a t  fo r  e x te n s iv e  d e n i t r i f i c a t i o n  
from added n i t r a t e  a  v ig o ro u s b a c t e r i a l  a c t i v i t y  and an a lk a l in e  
r e a c t io n  were n e c e s sa ry . At an a c id  r e a c t io n  b a c te r i a  were re p la c e d  
by fu n g i and th e re  w ere no a p p re c ia b le  lo s s e s  o f  n i tro g e n . In  an 
a c id  medium b a c t e r i a l  growth and b io lo g ic a l  d e n i t r i f i c a t i o n  w ere 
p rev e n ted  by n i t r i t e  t o x i c i t y .
B roadbent and S to jan o v ic  (1952) used  n i t r o g e n - 15 t r a c e r  to  
con firm  th e  im portance of d e n i t r i f i c a t i o n  in  th e  n i tro g e n  c y c le . S o il  
sam ples w ere in cu b a ted  a t  oxygen c o n c e n tra tio n s  o f  0 . 1  p e r  c e n t,
1 .8  p e r c e n t ,  4 .2  p e r c en t and 19.0 p er c e n t .  Some sam ples had 0 .1  
p e r  c e n t pep tone added as o rg a n ic  m a tte r  and some had none. The 
e f f e c t  o f  th e  p a r t i a l  p re s s u re  o f  oxygen was t h a t  th e  amounts o f 
n i tro g e n  l o s t  from th e  system , a f t e r  tre a tm e n t w ith  n i t r a t e  s a l t s ,  
w ere In v e rs e ly  r e l a t e d  to  th e  oxygen c o n te n t o f  th e  s o i l  a i r ,  They
8t ra c e d  some lo s s  o f n i t r a t e  th ro u g h  d e n i t r i f i c a t i o n  even a t 19 .0  per 
c e n t oxygen.
N itrogen-15  was a ls o  used  a s  a t r a c e r  in  a q u a n t i ta t iv e  in v e s ­
t ig a t io n  on d e n i t r i f i c a t i o n  by W ijle r  and Delwiche (1954). The 
s a l i e n t  a sp e c ts  o f  t h e i r  in v e s t ig a t io n  were th a t :
(a) D e n i t r i f i c a t io n  f re e d  n i t r o u s  o x id e , n i t r i c  oxide and n itro g e n  
g as.
(b) N itro u s  ox ide  was the  m ajor d e n i t r i f i c a t i o n  p ro d u c t, a lthough  
under f lo o d ed  c o n d i t io n s  n i tro g e n  was p robab ly  the m ajor 
p ro d u c t.
(c) D e n i t r i f i c a t io n  was r e l a t e d  to  w ate r co n ten t s in ce  in c re a s in g  
s o i l  m o is tu re  in c re a s e d  d e n i t r i f i c a t i o n  by in h ib i t in g  d i f ­
fu s io n  o f  oxygen in to  th e  s o i l .
(d) Below pH 7 th e  r e d u c t io n  of n i t r o u s  ox ide was strongi;*  
in h ib i te d  w h i l s t  above pH 7 n i t ro u s  ox ide was r e a d i ly  
reduced  to  n i t ro g e n .
(e) Oxygen g r e a t ly  su p p re sse d  th e  r a t e  o f d e n i t r i f i c a t i o n .
( f )  The i n i t i a l  n i t r a t e  c o n c e n tra tio n  d id  n o t in flu en c e  th e  
r a t e  o f d e n i t r i f i c a t i o n .
(g) The iso to p e  c o n te n t o f  a l l  t h e  d e n i t r i f i c a t i o n  p roducts 
showed th a t  th ey  were a l l  d e r iv e d  from n i t r a t e  in d ic a t in g  
th a t  non-enzym atic  d e n i t r i f i c a t i o n  d id  no t tak e  p la c e .
(h) Very l i t t l e  l a b e l le d  n i t r o g e n  was p re se n t in  th e  o rg an ic  
f a c t io n .
In  a submerged s o i l ,  ammonia added to  o r formed in  the upper 
s o i l  laye^ (o x id iz in g  zone) i s  o x id iz e d  to  n i t r i t e  or n i t r a t e  which
then  may p a ss  on to  th e  red u c in g  zone below where I t  I s  th e re  
d e n i t r i f i e d  to  e le m en ta l n i tro g e n . I t  fo llo w s , th e r e f o r e ,  t h a t  i f  a 
n itro g e n o u s  ammounlum f e r t i l i z e r  be d i r e c t ly  a p p lie d  to  th e  red u c in g  
zone th e r e  shou ld  be no lo s s  o f n i t ro g e n . Even so , De and D igar (1955), 
w orking on r i c e  s o i l s ,  r e v e a le d  n itro g e n  lo s s e s  when ammonium s u l f a te  
was a p p l ie d  to  a  dep th  o f  th re e  in ch es  below th e  s o i l  s u r f a c e .  Oxida­
t io n  o f  ammonium s u l f a t e  a p p a re n tly  took p la c e  even a t  t h i s  d ep th .
F u r th e r  ev idence  o f t h i s  r e l a t i v e ly  deep o x id iz in g  zone was th e  absence 
o f hydrogen and m ethane in  th e  gas m ix tu re s  from t h i s  d ep th . T his 
im p lied  th a t  th e se  g ases  were o x id iz e d  to  w ater and carbon  d io x id e , 
r e s p e c t iv e ly ,  in  th e  co u rse  o f t h e i r  movement th rough  t h i s  o x id iz in g  
zone.
R e s u l ts  by P a t r ic k  and S tu rg is  (1955) in d ic a te d  th a t  th e re  was 
l i t t l e  change in  oxygen c o n c e n tra tio n  from th e  s u rfa c e  o f th e  f lo o d  
w ater down to  th e  s o i l  b u t once th e  s u rfa c e  o f th e  s o i l  was reach ed  
th e  oxygen c o n te n t d ec reased  very  r a p id ly  so t h a t  th e r e  was no oxygen 
p re s e n t  one c e n tim e te r  below th e  s o i l - w a te r  i n t e r f a c e .  The above 
in v e s t ig a to r s  a ls o  found th a t  submergence in c re a se d  th e  r a t e  o f 
r e d u c tio n  o f  oxygen, and th a t  the  a d d i t io n  o f o rg a n ic  m a tte r  had a fu r th e r  
in c re a s in g  e f f e c t .  The Crowley s i l t  loam s o i l  they  s tu d ie d  showed a 
marked d e c re a se  in  added n i t r a t e  n i tro g e n  from 2 0  p a r t s  p e r m il l io n  to  
0 . 1  -  0 : 2  p a r t s  p er m i l l io n  w ith in  30 days a f t e r  th e  f i r s t  a d d i t io n .
D e n i t r i f i c a t i o n  t e s t s  u s in g  la b e l le d  n i t r o g e n - 15 w ere c a r r ie d  
out by Nommik (1956). He concluded th a t  below 60-70 p er c e n t o f  th e  
w a te r -h o ld in g  c a p a c ity  th e re  was n o , o r n e g l ig ib le  d e n i t r i f i c a t i o n .
At 3°C th e r e  was no d e n i t r i f i c a t i o n  and a t  60-70°C d e n i t r i f i c a t i o n  wais
g r e a te s t .  Low pH v a lu e s  i n h ib i t e d  d e n i t r i f i c a t i o n  w h ile  h igh  v a lu e s  
promoted t h i s .  N i t r a te  c o n c e n tra tio n s  d id  n o t a f f e c t  d e n i t r i f i c a t i o n  
b u t d e n i t r i f i c a t i o n  was d i r e c t l y  c o r r e la te d  w ith  th e  p a r t i a l  p re s su re  
o f oxygen a t  low s o i l  m o is tu re s . High n i t r a t e  and n i t r i t e  concen­
t r a t i o n s  promoted th e  fo rm atio n  o f n i t r o u s  ox ide  and n i t r i c  oxide 
r e s p e c t iv e ly .  .
Hauck and M elsted  (1956) accoun ted  fo r  89-100 per cen t o f th e  
t o t a l  n itro g e n  in  a  c lo se d  system  when n i t r a t e  n i t ro g e n ,  la b e l le d  
w ith  n i t ro g e n - 15, was added to  w et s o i l s .  These w orkers used  th e  mass 
sp e c tro m e te r , and th e  in f r a - r e d  sp ec tro m e te r to  determ ine th e  p ro ­
d u c tio n  of n i tro g e n  gas and n i t ro g e n  o x id e s . They encoun tered  an 
abundance o f  n i t ro u s  ox ide  evo lved  from wet s o i l s ,  e s p e c ia l ly  a t  pH 
v a lu e s  l e s s  than  6 .0 .  Limed s o i l s  reduced  tw ice  as  much n i t r a t e  
n i tro g e n  to  gaseous forms o f  n i t ro g e n ,  a f t e r  fo u r days In c u b a tio n , 
as compared to  unlim ed s o i l s .
Andrews and Singh (1957) em phasized th e  im portance o f d e n i t r i ­
f i c a t io n  in  f e r t i l i z a t i o n  fo llo w in g  w et p e r io d s  on heavy s o i l s .  Using 
a Houston c la y  s o i l  d e n i t r i f i c a t i o n  lo s s e s  w ere 25 pounds o f n itro g e n  
p e r a c re  p er week a t  4°C, th e  r a t e  in c re a s in g  w ith  each in c re a se  in  
tem p era tu re  and a t  28°C th e  lo s s  was abou t 37.5 pounds per a c re  p er 
week. A h ig h ly  s ig n i f i c a n t  c o r r e l a t io n  e x is te d  between n itro g e n  
l o s t  by d e n i t r i f i c a t i o n  and carbon  d io x id e  produced in  96 hours w hich 
was co n s id e red  a  m easure o f th e  r e a d i ly  decomposable o rg a n ic  m a tte r .
Working in  Jap an , Yamane (1957) r e p o r te d  th a t  in  flooded  s o i l s  
th e  amount o f  gaseous n i tro g e n  evolved  corresponded  c lo s e ly  to  the  
lo s s  o f n i t r a t e  n i t ro g e n .
11
A ccording  to  L oew enstein  e£  a l .  (1957) la rg e  v o l a t i l e  lo s s e s  o f 
n i tro g e n  o c c u rre d  from uncropped s o i l s  a t  f i e l d  m o is tu re  l e v e l s .  T h e ir  
s tudy  s ig n i f i e d  t h a t  d e n i t r l f i c a t I o n  and n i t r i f i c a t i o n  p roceeded  
s im u ltan e o u s ly  In  th e  s o i l s .  E v id e n tly , n i t r a t e s  produced In  th e  a e ro b ic  
s o i l  a re a  moved to  oxygen-poor re g io n s  and became s u b je c t  to  d e n i t r i ­
f i c a t io n .  They su g g es t th e  p o s s i b i l i t y  th a t  an a e ro b ic  a re a  may become 
a n ae ro b ic  as  a  r e s u l t  o f  r a p id  oxygen consum ption or because  o f  con­
c u r re n t  carbon  d io x id e  e v o lu tio n  by th e  s o i l  m ic ro f lo ra  th e re b y  le a d in g  
to  d e n i t r i f i c a t i o n .
Bremner and Shaw (1958), a t  R otham sted, s u b s ta n t ia te d  th e  f in d in g s  
o f  a number o f  p rev io u s  w orkers w h ile  in v e s t ig a t in g  th e  f a c to r s  a f f e c t in g  
d e n i t r i f i c a t i o n .  T h e ir  d a ta  showed th a t :
(a ) R apid  d e n i t r i f i c a t i o n  o f  n i t r a t e  was induced  by in c u b a tin g  
th e  s o i l  under w ate rlo g g ed  c o n d itio n s  w ith  o rg a n ic  m a te r ia ls  
such as  g lu co se .
(b) The p e rc e n ta g e  o f added n i t r a t e  n i tro g e n  l o s t  by d e n i t r l f i -  
c a t lo n  on in c u b a tio n  o f w aterlo g g ed  s o i l s  w ith  s u f f i c i e n t  
g lu co se  was th e  same w hatever th e  le v e l  o f  a p p l ic a t io n  o f  
n i t r a t e  n i t ro g e n .
(c ) D e n i t r i f i c a t i o n  was accompanied by a r a p id  b u t tem porary  
accum ula tion  o f n i t r i t e  and th e  fo rm atio n  o f sm a lle r  amounts 
o f  ammonia.
(d) Under c o n d it io n s  conducive to  d e n i t r i f i c a t i o n ,  80-86 per 
c e n t o f  th e  n i t r a t e  n itro g e n  added to  th e  s o i l  was l o s t  in  
f iv e  days.
(e) The r a t e  o f  d e n i t r i f i c a t i o n  was very  slow a t  a pH l e s s  th an
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4 .8 ,  In c re a se d  w ith  r i s e  In  s o i l  pH, and was v ery  ra p id  a t  
pH 8 .0 - 8 .6 .
*
( f )  The r a t e  o£ d e n i t r i f i c a t i o n  in c re a s e d  r a p id ly  w ith  a r i s e  
in  tem p era tu re  w ith  an optimum tem p era tu re  a t  about 60°C.
(g) Below about 60 per c e n t o f  th e  w a te r -h o ld in g  c a p a c ity  o f 
th e  s o i l  no d e n i t r i f i c a t i o n  o c c u rre d , above t h i s  le v e l  i t  
in c re a se d  r a p id ly  w ith  in c re a s e  in  m o is tu re .
(h) D e n i t r i f i c a t io n  in  s o i l  depended on th e  amount and type o f 
o rg an ic  m a te r ia l  p re s e n t  and o cc u rred  on ly  when th e  supply  
o f  oxygen re q u ire d  by th e  m icroorgan ism s was r e s t r i c t e d .
D e n i t r i f i c a t io n  i n  th re e  v a r io u s ly  t r e a te d  w e ll a e ra te d  s o i l s  
was in v e s t ig a te d  by C a r te r  and A llis o n  (1960). The e x te n t  o f lo s s  o f 
n i tro g e n  was determ ined by th e  d i f f e r e n c e s  in  t o t a l  n i tro g e n  and excess 
n i t r o g e n - 15 b e fo re  and a f t e r  in c u b a tio n . Very l i t t l e ,  i f  any, n i tro g e n  
lo s s  o c cu rred  under a e ro b ic  c o n d it io n s  ex c ep t w here d e x tro se  was added 
in  th e  p resen ce  o f  n i t r a t e .  The lo s s e s  o f  A itrogen -15  under th e se  
c o n d itio n s  commonly v a r ie d  betw een zero  and 12 p e r c e n t.  Wheat s traw  
a d d it io n s  produced no s ig n i f i c a n t  lo s s e s .  A d d itio n s  o f  calcium  c a r ­
b o n a te  a ls o  had no s ig n i f i c a n t  e f f e c t  on n i t ro g e n  lo s s e s  co n s id e rin g  
th a t  i n i t i a l l y  the  s o ils /  pH v a r ie d  betw een 5 .4  and 5 .8 .  They concluded 
t h a t  d e n i t r i f i c a t i o n  was o f m inor im portance in  s o i l s  th a t  a re  
s t r i c t l y  a e ro b ic  a lth o u g h  the a u th o rs  n o ted  th a t  t h i s  id e a l  c o n d itio n  
may n o t e x i s t  a t  a l l  tim es even in  open s o i l s .
A ll is o n , C a r te r  and S te r l in g  (1960) a ls o  u sed  n i t r o g e n - 15 to  
s tudy  d e n i t r i f i p a t io n  under v a ry in g  p a r t i a l  p re s s u re s .  In  a sandy 
s o i l  a t  o n e - th ird  atm osphere m o is tu re  c o n te n t ( f i e l d  c a p a c ity )  th e re
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was no d e n i t r i f i c a t i o n  b o th  in  th e  absence and in  th e  p resen ce  o f  1 p e r 
c e n t g lu co se  o r  2 p e r  c e n t v h e a t s traw . At 2.27 per cen t oxygen s i g n i ­
f ic a n t  lo s s e s  o f  n i t ro g e n  o ccu rred  in  some sam ples. At 0 .4 6  p er c e n t 
oxygen n i tro g e n  lo s s e s  were 1 0  p e r c e n t in  the absence of an energy  
source  and 50 p e r c e n t in  th e  p resen ce  o f  0 .5  p e r c e n t g lu co se . They 
concluded th a t  d e n i t r i f i c a t i o n  may a t  tim es be expected  in  open and 
w e ll d ra in e d  s o i l s .
In  fo llo w in g  th e  p ro d u c ts  o f an ae ro b ic  d e n i t r i f i c a t i o n  Cady 
and Bartholomew (1960) found th e  fo llo w in g  sequence through  mass 
spectom eter a n a ly s e s :  F i r s t  n i t r i c  ox ide  appeared , secondly  n i t r o u s
oxide appeared  and in c re a se d  and c o in c id e n tly  n i t r i c  oxide d isa p p e a re d , 
th i r d ly  n i tro g e n  gas  appeared  and t h i s  in c re a se d  in  amount s u f f i c i e n t  
to  account fo r  83 to  95 p er c e n t o f th e  added tagged  n i t r a t e  c o in c id e n t 
w ith  th e  r e d u c tio n  in  amount and e v en tu a l d isap p earan ce  o f n i t r o u s  
o x id e .
N i t r a te  r e d u c t io n  r a t e s  in  r e l a t i o n  to  c o n tro lle d  redox  p o te n ­
t i a l s  were s tu d ie d  by P a t r ic k  (1960). There was a d ec rease  in  th e  
n i t r a t e  c o n te n t a t  p o t e n t i a l s  l e s s  th an  338 m i l l i v o l t s .  When the  
redox p o te n t i a l  was d ec reased  th e re  was an ev id en t in c re a s e  in  th e  
r a t e  o f  n i t r a t e  n i t ro g e n  re d u c tio n . The n i t r a t e  c o n c e n tra tio n s  d id  
n o t a f f e c t  th e  r e d u c t io n  r a t e  as i l l u s t r a t e d  by th e  l in e a r  n a tu re  o f  
th e  n i t r a t e  c o n c e n tra t io n - t im e  cu rve. This non-dependence o f  d e n i-  
t r i f i c a t i o n  on th e  s o i l ' s  n i t r a t e  c o n c e n tra tio n  c o lla b o ra te d  w ith  
r e s u l t s  o b ta in e d  by o th e r  w orkers .
The e f f e c t  o f  oxygen on " a e ro b ic  d e n i t r i f i c a t io n "  was s tu d ie d  
u s in g  n i t r o g e n - 15 tag g ed  n i t r a t e  as a t r a c e r  m a te r ia l  by Cady and
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Bartholomew (1961). S o il sam ples w ere In cu b a ted  In  a  la b o ra to ry  
a p p a ra tu s  c o n s tru c te d  to  m a in ta in  c o n s ta n t p a r t i a l  p re s s u re s  o f  
oxygen. P e r io d ic  a n a ly se s  o f  th e  gaseous phase w ere made on a
mass sp e c tro m e te r . A marked e f f e c t  o f oxygen on th e  r a t e  o f d e n i t r i f i ­
c a t io n  was e x h ib ite d . Both a tm o sp h eric  oxygen and combined oxygen 
( n i t r a t e )  were u t i l i z e d  b u t th e  d ec rease  gaseous lo s s  o f n itro g e n  a t  
th e  h ig h e r  le v e ls  o f  f re e  oxygen d is c lo s e d  a  p r e f e r e n t i a l  u se  o f  the  
fo rm er. T h e ir s tu d ie s  showed th a t  on ly  under c o n d itio n s  o f  h igh  
’l e v e l s  o f  carbonaceous m a te r ia l ,  an a v a i la b le  n i t r a t e  su p p ly , and an 
oxygen le v e l  le s s  than  7 per c en t by volume would an a p p re c ia b le
amount o f  n i t r a t e  be reduced  to  gaseous form s.
Ammonia A ccum ulation
A rab le s o i l s ,  e s p e c ia l ly  i f  th ey  a re  n o t too  a c id ,  have a low 
co n te n t o f  ammonium n itro g e n . On th e  o th e r  hand a  h igh  c o n te n t o f 
ammonium n itro g e n  i s  c h a r a c t e r i s t i c  o f  submerged s o i l s .  The ammonia 
t h a t  ap p ears  a f t e r  submergence comes from m in e ra l iz a t io n  o f p a r t  o f 
th e  o rg a n ic  f r a c t io n .  The b io lo g ic a l  o x id a tio n  o f ammonium n itro g e n  
to  n i t r a t e  n itro g e n  th a t  o ccu rs  in  w e ll d ra in e d  s o i l s  i s  in h ib i te d  by 
th e  an ae ro b ic  c o n d itio n s  o f submerged s o i l s .
One o f the  e a r l i e s t  in v e s t ig a t io n s  co n cern in g  ammonium n itro g e n  
accum ulation  in  r i c e  s o i l s  was u n d ertak en  by F raps (1906) in  Texas.
His d a ta  showed a d e f in i t e  p ro d u c tio n  o f  ammonia under 100 p e r cent 
m o is tu re  s a tu r a t io n  c a p a c ity . His d a ta  a ls o  showed th a t  ammonia 
p ro d u c tio n  in  flooded  s o i l s  was l e s s  th an  under c u l t iv a te d  c o n d it io n , 
w ith  l e s s  m o is tu re .
R u s se ll  and H utchinson (1909) fu rn is h e d  p ro o f th a t  th e  p ro d u c tio n
o f  ammonia was m ain ly  th e  work o f  m icroorganism s. They co n s id e red  
t h a t  th e  curves o f  ammonia accum ula tion  belonged to  the type a s s o c ia te d  
w ith  b a c t e r i a l  r a t h e r  th a n  p u re ly  chem ical changes— they were s igm oidal 
in  shape. A lso , p a r t i a l l y  s t e r i l i z i n g  th e  s o i l s ,  by h e a t in g  to  125°C, 
made them behave a l t o g e t h e r  d i f f e r e n t l y  i n  t h a t  th e r e  was no accumula­
t i o n  o f  ammonia d u r in g  in c u b a t io n .  F i n a l l y ,  i f  to lu en e  was l e f t  in  
th e  s o i l  th e r e  was on ly  a slow p ro d u c t io n  o f  ammonia and never a 
r a p id  r a t e ,  the  curve was more n e a r ly  l i n e a r .  The a c t io n  o f m icro­
organisms was h e re  exc luded  b u t  enzymes may have ac te d .  Panganiban 
(1925) r e p o r te d  t h a t  am m onifica tion  took p la c e  between 15°C and 60°C, 
w ith  f a s t e r  r a t e s  a t  h ig h e r  te m p e ra tu re s .  Murphy (1926) s t a t e d  t h a t :  
"Ammonification s tu d i e s  a r e  im p o rtan t  a t  l e a s t  from one s ta n d  p o in t ,  
namely, t h a t  o f  showing the  r a t e  o f  decom position o f  th e  crude o rg an ic  
n i tro g en o u s  m a te r i a l s  i n t o  a  more a v a i l a b l e  form o f  n i t ro g e n  fo r  
p la n t  u s e ."
In  a thorough s tudy  on th e  e f f e c t s  o f  w a te r lo g g in g  on n i t ro g e n  
compounds, by Subrahmanyan (1927), a  v e ry  d i s t i n c t  in c re a se  in  f r e e  
and s a l i n e  ammonia c o n te n t  was observed  even a t  th e  end o f  th e  f i r s t  
24 h o u rs .  This i n c r e a s e  co n tin u ed  up to  the  seventh  day b e fo re  
l e v e l in g  o f f .  There was no c o r r e l a t i o n  w hatever between th e  r a t e  o f  
ammonia p ro d u c tio n  and th e  t o t a l  n i t r o g e n  c o n te n t  or the  amount of 
ammonia o r i g i n a l l y  p r e s e n t  i n  th e  s o i l .  This s tudy  le d  Subrahmanyan 
to  suggest  t h a t  th e  fo rm atio n  o f  ammonia was due to  an enzyme and n o t  
e n t i r e l y  to  b io lo g ic a l  a c t i o n  on th e  ev idence  t h a t  the  p ro d u c tio n  o f  
ammonia took p la c e  even in  th e  p resence  o f  v o l a t i l e  a n t i s e p t i c s .  He 
a s c r ib e d  th e  p resen ce  o f  d iam inase  in  w ate rlogged  s o i l s  to  i t s  r o le  
i n  the p ro d u c tio n  o f ammonia.
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I n  A rkansas , J an ssen  and Metzger (1928) found t h a t  submerged 
r i c e  s o i l s  showed a  s tead y  In c re a s e ,  over a two month p e r io d ,  from 
4 .1  p a r t s  p e r  m i l l i o n  to  34.0 p a r t s  per m i l l i o n  o f  ammonia when g reen  
manure was a p p l ie d .
A ccording to  S creen lv asan  and Subrahmanyan (1935), Joachim and 
Kandlah (1929),  In  Ceylon, n o t ic e d  th a t  when g reen  manures were plowed 
under Im m ediately b e fo re  f lo o d in g  la rg e  q u a n t i t i e s  o f  ammonia were found 
and th ey  t h e r e f o r e  recommended green manuring o f  paddy f i e l d s  In  th e  
puddled  s t a t e  because  th e  ammonia r e le a s e d  was a s s im i la t e d  by th e  c rop .
In  agreement w i th  th e  f in d in g s  o f  Joachim and Kandlah, Bartholomew 
(1929), i n  A rkansas , h ig h ly  recommended o rg a n ic  forms o f n i t r o g e n .  He 
observed  good r e s u l t s  from use  o f  th ese  form s.
S c re e n lv a sa n  and Subrahmanyan (1935) d e te c te d  ammonia as th e  c h ie f  
form o f  m in e ra l iz e d  n i t ro g e n  in  w ate rlogged  s o i l s .  T h e ir  r e s u l t s  sug­
g e s te d  t h a t  th e  c h ie f  f a c to r  de term in ing  th e  e f f i c i e n c y  o f  m in e r a l i z a t io n  
o f n i t r o g e n  i s  th e  r a t i o  o f  carbon to  n i t r o g e n .  M a te r ia l s  w i th  narrow 
r a t i o s  m in e ra l iz e d  v e ry  much more r a p id ly  than  th o se  w ith  wide r a t i o s .
The q u a n t i t i e s  o f  ammonia p r e s e n t  in  th e  medium in c re a s e d  up to  a  p o in t ,  
a f t e r  which th e r e  was a s tea d y  decrease  b u t  no re a so n  was g iven  fo r  t h i s  
d e c l in e .  T h e ir  experim ents  i l l u s t r a t e d  t h a t  under swamp c o n d i t io n s  
am m onifica tion  proceeded a t  a very  much f a s t e r  r a t e  than  n i t r i f i c a t i o n  . 
so t h a t  t h e r e  was an accum ulation  of ammonia i n  th e  medium.
De and S ark ar  (1936) could  no t a t t r i b u t e  l o s s  o f  n i t r a t e  to  be 
due to  i t s  r e d u c t io n  to  ammonia. They r e p o r te d  an i n i t i a l  r i s e  in  
th e  ammonia c o n te n t  o f  f looded  s o i l s  soon a f t e r  w a te r lo g g in g ,  th e  
c o n c e n t r a t io n  reach ed  a maximum in  about s i x  w eeks, remained s t a t i o n a r y
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fo r  about one month, and then  f e l l .  This lo ss  of ammonia, a f t e r  an 
I n i t i a l  r i s e ,  thjay pointed out as being in  accord w ith  some o f  t h e i r  
previous f in d in g s .
Ammonification has been s tu d ie d  from th e  view p o in t  o f  i t  being 
a photochem ical r e a c t i o n .  Rao and Varadanam (1938) found the  decom­
p o s i t io n  o f  v a r io u s  n i t ro g en o u s  compounds to  be a p u re ly  photochem ical 
r e a c t io n  i n  th e  p resence  o f  p h o to c a t a ly s t ,  l i k e  hea ted  s o i l  o r  ig n i te d  
f e r r i c  o x id e .  Singh and N air  (1939), in  I n d ia ,  concluded th a t  b io ­
lo g ic a l  r e a c t io n s  were l a r g e ly  r e s p o n s ib le  fo r  th e  p rocess  o f  ammoni­
f i c a t i o n  in  s o i l ,  though they  found n i t r i t e  to  be formed as a r e s u l t  
o f  photochemical a c t io n .
Bhuiyan (1949) p re se n te d  q u a n t i t a t i v e  d a ta  on th e  amounts and 
t ra n s fo rm a t io n  o f d i f f e r e n t  forms o f  n i t ro g e n  in  r i c e  s o i l s .  He 
confirmed p rev ious  in v e s t ig a t i o n s  as  to  th e  r a p id  r i s e  in  ammonia 
a f t e r  the s o i l  had been w a te r lo g g ed ,  re a c h in g  a maximum, and t h e r e ­
a f t e r  d ec reas in g  to  a f a i r l y  c o n s ta n t  l e v e l .
Owen, Wlnsor and Long (1950) found a h ig h ly  s i g n i f i c a n t  c o r ­
r e l a t i o n  between c a rb o n -n i t ro g e n  r a t i o  and the  form ation  of both 
ammonia and n i t r a t e  n i t r o g e n  from a s e r i e s  o f  amino a c id s  added to  the 
s o i l .  There was a g r e a t e r  p e rc e n ta g e  reco v ery  o f added n i t ro g e n  th e  
narrower th e  c a rb o n -n i t ro g e n  r a t i o .
Broadbent and S to ja n o v ic  (1952) cou ld  no t d e te c t  any re d u c t io n  
o f  n i t r a t e  to  ammonia u s in g  n i t r o g e n - 15 as  a t r a c e r  when two d i f f e r e n t  
loam s o i l s  were incuba ted  under v a r io u s  oxygen le v e l s  rang ing  from 
0 .1  to  1 .9  per c e n t .
M itsu i (1954) d e sc r ib e d  an experim ent which i l l u s t r a t e d  th e
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r e l a t i o n s h i p  between the  c a rb o n -n i t ro g e n  r a t i o  and m in e r a l i z a t io n .
He p o in ted  o u t t h a t  th e  accum ula tion  o f  ammonium n i t ro g e n  under w a te r ­
logged c o n d i t io n s  w ith o u t  ex cep tio n  obeyed th e  o rd e r  o f  th e  ca rbon-
o
n i t ro g e n  r a t i o  o f  th e  s o i l  in  a 34 day in c u b a t io n  p e r io d ,  a t  26 C.
The l a r g e s t  accum ula tion  o f  ammonium n i t ro g e n  occu rred  w i th  th e  m a te r ­
i a l  added w i th  th e  narrow est c a rb o n -n i t ro g e n  r a t i o .  Due to  r e p e a te d  
decom position  by s o i l  m icrobes, samples w ith  wide c a rb o n -n i t ro g e n  
r a t i o s  showed an  accum ula tion  o f  ammonium-nitrogen in  th e  l a t t e r  h a l f  
o f  th e  in c u b a t io n  p e r io d ,  t h a t  i s  to  say, a f t e r  34 days. Under th e se  
w ate rlogged  c o n d i t io n s  th e  m in e ra l iz a t io n  curve showed a maximum o f  
ammonium n i t r o g e n  accum ula tion , and then  a d e c l in e  w ith  an  extended 
in c u b a t io n  p e r io d .  G en e ra l ly  speak ing , o rg an ic  m a te r ia l s  having  w ider 
c a rb o n -n i t ro g e n  r a t i o s  than  2 0  w i l l  take  up m in era l  n i t ro g e n  from th e  
s o i l  w h i le  i f  th e  c a rb o n -n i t ro g e n  r a t i o  remains under 15 some o f  th e  
n i t ro g e n  o f  th e  o rg an ic  m a te r ia l  w i l l  be converted  in to  m in e ra l  
n i t ro g e n  d u r in g  th e  e a r l i e r  p e r io d  o f  in c u b a t io n .  R e la t iv e  to  a l l  o f  
t h i s  i s  th e  reaso n  why in  th e  t r o p i c s  green manures w ith  a carbon- 
n i t ro g e n  r a t i o  o f  abou t te n  a r e  f r e q u e n t ly  r e p o r te d  as e f f i c a c i o u s  as 
ammonium s u l f a t e  in  producing r i c e .
W l j le r  and Delwiche (1954) s tu d ie d  d e n i t r i f i c a t i o n  q u a n t i t a t i v e l y  
u s in g  po tass iu m  n i t r a t e  l a b e l l e d  w i th  n i tro g en -1 5  a s  a t r a c e r  and 
could  d e t e c t  v e ry  l i t t l e  r e d u c t io n  o f  n i t r a t e  to  ammonia even when 
a l l  th e  n i t r a t e  was l o s t  du r in g  d e n i t r i f i c a t i o n .  N i t r a t e  was reduced 
to  ammonia in  la rg e  amounts only  when ex cess iv e  amounts o f  o rg an ic  
m a t te r  were added under an ae ro b ic  c o n d i t io n s .
Harmsen and Van Scheven (1955) have reviewed the  l i t e r a t u r e
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p e r ta in in g  to  o rg an ic  n i t ro g e n  m in e r a l i z a t i o n .  They p o in ted  out t h a t  
under th e  w aterlogged  and a n e ro b ic  c o n d i t io n s  e x i s t i n g  in  r i c e  s o i l s  
atm nonlflcation ( th e  decom position  o f  o rg an ic  compounds of n i t ro g e n  
in to  ammonia) proceeds alm ost no rm ally .
Iron  Reduction.
In  most a r a b le  s o i l s  v i r t u a l l y  a l l  o f  th e  i r o n  remains in  th e  
ox id ized  c o n d i t io n .  When an a e ro b ic  c o n d i t io n s  a r e  e s ta b l i s h e d  in  
s o i l s  by w a te r lo g g in g ,  a c o n s id e ra b le  amount o f  reduced i ro n  may 
accum ulate . This r e d u c t io n  has been s tu d ie d  from many p o in ts  o f  
view. Today most o f  th e  l i t e r a t u r e  re v o lv e s  around th e  f a c t  t h a t  
the  p ro cess  i s  a f f e c t e d  by th e  a c t i v i t i e s  o f  m icroorganisms in  the  
s o i l  who u t i l i z e  th e  f e r r i c  i r o n  as  th e  te rm in a l  e l e c t r o n  a cd ep to r  to  
o x id iz e  th e  s u b s t r a t e .  N o n -b io lo g ic a l  r e d u c t io n  o f i ro n  has a l s o  been 
proposed .
S ta rk ey  and Halvorson (1927) and Halvorson (1931) d iscove red  
t h a t  under an ae ro b ic  c o n d i t io n s ,  in  d e x tro se  o r  peptone media, m icro­
organisms could  d i s s o lv e  and reduce  i ro n  as  a r e s u l t  o f  d ec reas in g  
the  oxygen p r e s s u re .  Organic compounds o f  i r o n  may form subsequent 
to  s o lu t io n  o f i r o n  in  o rg an ic  media. Upon a tm ospheric  exposure o f  
s o lu t io n s  c o n ta in in g  i ro n  d is s o lv e d  and reduced under an ae ro b ic  cond i­
t i o n s ,  o x id a t io n  took  p la c e  and p r e c i p i t a t i o n  o c c u r re d .  These l a t t e r  
changes were thought to  be independent o f  m ic ro b ia l  a c t i v i t y .
Submerged s o i l s  have a h igh  i ro n  c o n te n t  acco rd in g  to  Robinson 
(.1930), This h igh  c o n c e n t r a t io n  o f  i r o n  he a t t r i b u t e d  to  carbon 
d io x id e  produced a s  a r e s u l t  o f  m ic ro b ia l  a c t io n  on o rgan ic  m a t te r .
The carbon dioxide was thought to  be re sp o n s ib le  fo r  holding the  i ron  .
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in  so lu t io n .  S ho rtly  a f t e r  f looding , submerged s o i l s  developed high 
concen tra tions  o f fe r ro u s  i ro n .  In  the  absence o f  organic m atte r  the 
s o lu b i l i ty  o f  i ro n  was not increased  under submerged s o i l  c o n d it io n s .
K lim an 's  s tu d y  (1937) seemed to  p o in t  to  th e  u t i l i z a t i o n  by the  
p la n t  o f  f e r ro u s  i r o n  when i t  i s  p re se n t  in  th e  c a t io n ic  form. In  
h ig h e r  p la n t s  i r o n  i s  t r a n s p o r t e d  as  th e  fe r ro u s  io n  in  th e  phloem 
and remains in  t h i s  s t a t e .
O x id a t io n - re d u c t io n  p o t e n t i a l s  s tu d i e s  c a r r i e d  out by P e a r s a l l  
and Mortimer (1939) showed t h a t  f e r ro u s  i ro n  d isappeared  above a 
p o t e n t i a l  o f  ap p ro x im a te ly  350 m i l l i v o l t s ,  a t  pH 5 .  In  n a tu r a l  w a te r s ,  
f e r ro u s  i r o n  was on ly  d e t e c t a b l e  below t h i s  p o t e n t i a l .
I g n a t i e f f  (1941) i n v e s t ig a te d  Canadian s o i l s  and found w e l l  
d ra in ed  s o i l s  to  c o n ta in  v e ry  sm all q u a n t i t i e s  of f e r ro u s  i r o n ,  some­
tim es none. Under w a te r lo g g ed  c o n d i t io n s  la rg e  q u a n t i t i e s  o f  f e r ro u s  
i r o n  were produced r a p i d l y ,  a f t e r  an i n i t i a l  lag  o f  two to  th r e e  days. 
The s o i l  f e r ro u s  i r o n  was n o t r e a d i l y  brought in to  s o lu t i o n  by w a te r ,  
bu t by th e  use  o f  s a l t s  th e  fe r ro u s  i r o n  could  be d isp la c e d  from the  
s o i l .  This  in d ic a te d  t h a t  f e r ro u s  i ro n  e n te re d  in to  th e  base  exchange 
complex o f th e  s o i l .  Under an aero b ic  c o n d i t io n s  s o i l  w ate r  could  
b r in g  in to  s o lu t io n  q u a n t i t i e s  o f  fe r ro u s  i r o n ,  bu t much l a r g e r  
amounts o f  t h i s  io n  were h e ld  on th e  s o i l  base exchange complex. This
re d u c t io n  o f  i r o n  he a t t r i b u t e d  m ainly  to  b io lo g ic a l  p ro c e s s e s .
The work o f  Somers and Shive (1942) in d ic a te d  a d e f i n i t e  i n t e r ­
r e l a t i o n  i n  the  m e tab o lic  fu n c t io n s  o f  i ro n  and manganese. I ro n -  
manganese r a t i o  v a lu e s  above two in v a r ia b ly  produced a s p e c i f i c  type 
o f c h lo r o s i s  r e s u l t i n g  from excess i r o n ,o r  d e f i c i e n t  manganese, o r
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bo th . R atio  va lues much below th i s  e f f e c t iv e  range in v a r ia b ly  produced 
a s p e c i f ic  c h lo ro s is  of a d i f f e r e n t  type r e s u l t in g  f ra n  excess man­
ganese, or d e f i c ie n t  i ro n ,  or both .
Confirming th e  above, Twyman (1946) s t r e s s e d  th e  im portance of 
th e  iron-m anganese ba lance  bo th  in  the  p la n t  i t s e l f  and in  the  sub­
s t r a t e  in  which i t  grows. The in c id e n c e  o f p a th o lo g ic a l  symptoms o f  
manganese and i ro n  d e f ic ie n c y  seems to  be governed by the  r e l a t i v e  
p ro p o r t io n s  o f th e se  e lem ents .
R e s u l ts  by H este r  and S k e l to n  (1947) showed th a t  c o n s id e ra b le  
f e r r i c  i r o n  was in  s o lu t io n  in  a submerged s o i l  w i th  even la r g e r  
amounts o f  f e r ro u s  i ro n  being p r e s e n t .  The top s o i l  of 24 Canadian 
s o i l s  when submerged co n ta in ed  on the  average  more s o lu b le  i ro n  th a n  
th e  s u b s o i l .  The breakdown o f  o rg an ic  m a t te r  was ob v io u s ly  in f lu e n c in g  
th e  s o l u b i l i t y  o f  i r o n .
F u jiw ara  (1950) had observed th e  s u r f a c e  l a y e r  of paddy s o i l s  to  
be h igh  i n  f e r r i c  i r o n .  This la y e r  i s  o x id ized  under f looded  c o n d i­
t io n s  by oxygen i n  th e  i r r i g a t i o n  w a te r .  In  th e  u n d e r ly in g  la y e r ,  
which i s  under reduced c o n d i t io n s  s in c e  oxygen i s  consumed f a s t e r  than  
i t  cou ld  be r e p le n is h e d  fe r ro u s  i r o n  was p r e s e n t .
P e a r s a l l  (1950) s t a t e d  th a t :  " . . .  s o i l s  i n  the  reduc ing  s t a t e
l i b e r a t e  l a r g e r  amounts o f  exchangeable  c a t i o n s " .  P a r t i c u l a r l y  high 
in  c o n c e n t r a t io n  o f th e  c a t io n s  l i b e r a t e d  i s  i r o n .  According to  
B loom field  (1953) f e r r i c  i ro n  can be i n d i r e c t l y  reduced by p ro d u c ts  
o f  m ic ro b ia l  decom position  o f  o rgan ic  m a t te r .  He dem onstra ted  t h i s  
n on -b io lo g ic& l r e d u c t io n  of i r o n  u s in g  aqueous e x t r a c t s  o f  p ine  n e e d le s .
The r e l e a s e  o f  a v a i l a b le  phosphorus due to  th e  r e v e r s io n  o f 
f e r r i c  i r o n  to  fe r ro u s  i ro n  was s tu d ie d  by Is lam  and E la h i  (1954).
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They found t h a t  th e  a d d i t i o n  o f  o x id iz a b le  su b s tan ces  in c re a se d  t h i s  
t ra n s fo rm a t io n .  I t  was a l s o  p o in te d  out t h a t  t h i s  may e i t h e r  be 
chem ical or b i o l o g i c a l ,  a l th o u g h  th e y  presumed i t  to  be m ostly  chem ical.
Bromfield (1954) i s o l a t e d  b a c t e r i a  t h a t  could  reduce f e r r i c  
compounds. These organisms were unab le  to  d e r iv e  oxygen fo r  t h e i r 1 
growth from f e r r i c  oxide  under a n a e ro b ic  c o n d i t io n s ,  but when an o th e r  
compound co n ta in in g  a v a i l a b l e  oxygen was su p p l ie d ,  growth and reduc­
t i o n  o f  f e r r i c  compounds o c c u r re d .
A s tudy  by Lutwick and DeLong (1954) showed t h a t  n a tu r a l  r a i n ­
f a l l  le a c h a te s  from decomposing leav es  had th e  c a p a c i ty  to  m obilize  
i r o n .  Comparative d a ta  to  th e  same e f f e c t  i s  a l s o  p re sen ted  by 
S c h n i tz e r  and DeLong (1954) who found t h a t  l a b o ra to ry  p repared  l e a f  
e x t r a c t s  a l s o  had th e  c a p a c i ty  to  m o b il iz e  i r o n .
Ponnamperuma (1955) found t h a t  submergence o f  a s o i l  caused a 
tremendous in c r e a s e  in  th e  c o n c e n t r a t io n  of s o lu b le  i ro n .  The con­
c e n t r a t i o n  o f fe r ro u s  i r o n  was a f f e c t e d  by pH under anaerob ic  c o n d i t io n s ,  
being h ig h e r  a t  lower pH v a lu e s .  The a d d i t i o n  of o a t  s traw  to  w a te r ­
logged s o i l s  had th e  e f f e c t  o f  in c r e a s in g  th e  c o n c e n t r a t io n  o f i ro n ,  
t h i s  was most marked in  th e  e a r l y  s ta g e s  o f  f lo o d in g ,  up to approx im ate ly  
60 days.
C la rk  and Resnicky (1956) t r e a t e d  a s i l t y  c l a y  loam s o i l  w ith  
f in e ly  ground r i c e  s traw  a t  th e  fo llo w in g  r a t e s :  0 ,  0 .1 ,  0 .2 ,  0 .4 ,  0 .8 ,
and 1.6 per c e n t .  These samples were f lo o d e d ,  in cuba ted  a t  26.5°C and 
p e r io d ic a l ly  sampled up to  105 d ay s .  R a te - t im e  e f f e c t  d a ta  showed 
t h a t  up to  35 days i r o n  c o n te n ts  were d i r e c t l y  r e l a t e d  to  the r a t e  of 
s traw  a d d i t i o n .  By t h i s  d a t e ,  a peak v a lu e  had been reached in  the
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1.6 p e r  c e n t  s tra w  t r e a tm e n t .  Peak v a lu e s  were n o t  reached  u n t i l  th e  
84th day In  t re a tm e n ts  r e c e iv in g  l e s s e r  amounts o f  s tra w .
Experiments conducted in  th e  la b o ra to ry  by Islam  and Chandhury 
( I9 6 0 ) ,  in  I n d ia ,  showed t h a t  a f t e r  two months o f  w a te r lo g g in g  s o i l  
samples th e  i r o n  c o n c e n t r a t io n  had in c re a se d  a t  th e  s u r f a c e  and 
decreased  a t  lower d e p th s .  A s t r i k i n g  f e a tu r e  o f  t h i s  experim ent was 
th a t  f o r  a l l  dep ths  the  i r o n  c o n c e n t r a t io n  had in c re a se d  on th e  b r ig h t  
s id e  o f  th e  in c u b a t io n  c y l in d e r .  The accum ula tion  of i r o n  a t  the  
s u r fa c e  was ex p la in e d  by th e  f a c t  t h a t  so lu b le  f e r ro u s  i ro n  moved 
towards th e  s u r f a c e  and th e r e  became converted  to  r e l a t i v e l y  i n ­
so lu b le  f e r r i c  i r o n .  The h ig h e r  c o n c e n t r a t io n  o f  i ro n  on th e  b r ig h t  
s id e  o f  th e  c y l in d e r  may have been due to  the  e f f e c t  o f  photochem ical 
r e a c t io n s  o r  the  o x id a t io n  o f  fe r ro u s  i r o n  by oxygen l i b e r a t e d  by the  
a lg a e  growing on th e  b r ig h t  s id e s  o f  the  c y l in d e r s .  I t  was assumed 
th a t  such a  phenomenon a l s o  occurs  in  th e  paddy f i e l d .
Mandal (1961) conducted pot experim ents w i th  r i c e  grown in  
w ate rlogged  s o i l s  w ith  and w ith o u t  the a d d i t io n  o f o rg an ic  m a t te r .
By means o f  s o i l  and d ra in ag e  w a te r  a n a ly se s  he found t h a t  when no 
o rg an ic  m a tte r  was added th e r e  was a t  th e  s t a r t  a  sh a rp  r i s e  in  i n ­
s o lu b le  f e r ro u s  i r o n .  L a te r  fe r ro u s  i r o n  e n te re d  in  th e  exchange 
complex as  the  carbon  d io x id e  in c r e a s e d .  S t i l l  l a t e r ,  w ith  a f u r th e r  
in c re a se  in  carbon d io x id e  fe r ro u s  i ro n  appeared in  th e  d ra in ag e  
w a te r .  The a d d i t i o n  of o rgan ic  m a t te r  i n t e n s i f i e d  th e  r e d u c t io n  
p ro c e ss ,  produced more carbon  d io x id e  and consequen tly  the  in s o lu b le ,  
exchangeable and s o lu b le  fe r ro u s  f r a c t i o n s  appeared more r a p id ly  and 
in  l a r g e r  amounts than  when no o rg an ic  m a tte r  was added.
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In  a l a t e r  s tu d y ,  Mandal (1962) found t h a t  th e  c o n c e n t r a t io n  o f  
i r o n  in  th e  d ra in ag e  w ate r  from flooded  r i c e  s o i l s  was h ig h e s t  in  th e  
s o i l s  which had an oxygen c o n te n t  of 1 0  per  c e n t  in  th e  s o i l  s o lu t io n .  
This co in c id ed  w ith  th e  h ig h e s t  a b s o rp t io n  o f  i r o n  and the  h ig h e s t  dry  
w eigh t y i e l d .
Ng and Bloom field (1962) r e p o r te d  t h a t  the  p resen ce  o f o rgan ic  
m a te r ia l  in c re a se d  th e  amount of i ro n  e x t r a c te d  w i th  w a te r  and n e u t r a l  
ammonium a c e t a t e  when a s o i l  was submerged. Im m o b il isa t io n  r e s u l t e d  
upon subsequent a e r a t i o n ,  and a lth o u g h  d ry in g  f u r t h e r  dec reased  the  
amount o f  i r o n  e x t r a c te d ,  the n e t  r e s u l t  of f lo o d in g  and d ry in g  was 
to  in c r e a s e  th e  e x t r a c t a b i l i t y  o f  i r o n .
Kamura e t  a l .  (1963) have r e c e n t ly  proven t h a t  th e  mechanism of 
f e r r i c  i r o n  re d u c t io n  in  paddy s o i l s  i s  e n t i r e l y  a f f e c t e d  by th e  
a c t i v i t i e s  o f  microorganisms in  th e  s o i l .
Takai est a l .  (1963) no ted  a d i r e c t  r e l a t i o n s h i p  between th e  
amounts o f  fe r ro u s  i ro n  produced in  submerged s o i l s  w i th  th e  amount 
o f  f r e e  i r o n  co n ten t  in  the  s o i l .  These w orkers f u r t h e r  no ted  t h a t  
th e  f e r ro u s  i ro n  c o n ten t  in  the  s o i l ,  Eh (redox  p o t e n t i a l )  and pH 
were c lo s e ly  connected w ith  each o th e r ,  s u g g e s t in g  t h a t  Eh and pH 
o f  th e  submerged s o i l  a re  g r e a t l y  in f lu e n c e d  by th e  amount o f  f e r ro u s  
i r o n .
P a t r i c k  (1964) s tu d ie d  th e  e x t r a c t a b l e  i r o n  in  a w aterlogged  
Crowley s i l t  loam s o i l  under c o n d i t io n s  o f c o n t r o l l e d  redox p o t e n t i a l .  
The r e s u l t s  in d ic a te  th a t  when th e  redox p o t e n t i a l  f e l l  below +200 
m i l l i v o l t s ,  th e r e  was a  v e ry  la rg e  r e l e a s e  o f  f e r ro u s  i r o n .  The 
g r e a t e r  th e  d ecrease  below + 2 0 0  m i l l i v o l t s ,  the  g r e a t e r  th e  r e l e a s e  of
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i r o n .  A s t r a i g h t  l i n e  fu n c t io n  r e l a t e d  th e  f e r ro u s  i r o n  c o n c e n tra ­
t i o n  between th e  p o t e n t i a l s  o f  - 2 0 0  m i l l i v o l t s  and + 2 0 0  m i l l i v o l t s .
The h igh  c o n c e n tra t io n  o f f e r ro u s  i r o n  was due to  th e  r e d u c t io n  o f  
in s o lu b le  f e r r i c  compounds which were u n s ta b le  a t  red u c in g  p o t e n t i a l s .
Changes in E x trac tab le  Phosphorus.
I t  has been observed fo r  a long time th a t  the response to  
phosphorus f e r t i l i z a t i o n  in  r i c e  s o i l s  of the  United S ta te s  as w ell 
as in  o ther p a r ts  of the world, has been r a d i c a l ly  d i f f e r e n t  from 
th a t  of well drained s o i l s .  This phenomenon i s  of utmost p ra c t ic a l  
s ig n if ic a n c e  in  r i c e  f e r t i l i z a t i o n .
Bartholomew (1928), r e p o r te d  th a t :  "P h o sp h a tic  f e r t i l i z e r s
f o r  r i c e  have no t as a r u l e ,  in  A rkansas , proven p r o f i t a b l e  even 
though I r r i g a t e d  crops on th e  same f i e l d  have g iven  in c re a se d  y ie ld s  
when f e r t i l i z e d  w i th  superphosphate  ( a c id  p h o sp h a te ) ."
Bartholomew (1931) s tu d ie d  t h i s  la c k  o f resp o n se  to  phos­
p h a t ic  f e r t i l i z a t i o n  s t i l l  f u r t h e r .  At t h a t  tim e th e  h y p o th es is  
commonly o f fe re d  by r i c e  growers to  e x p la in  th e  c o n d i t io n  mentioned, 
was t h a t  phospha tic  f e r t i l i z e r s  s t im u la te d  weed growth to  such an 
e x te n t  th a t  the  weeds cou ld  no t be c o n t r o l l e d  by i r r i g a t i o n .  As a 
consequence, a c o n s id e ra b le  amount o f p la n t  n u t r i e n t s  were used up by 
th e  weeds and no in c re a s e  y i e l d s  o f r i c e  were o b ta in e d .  Bartholomew 
contended th a t  th e  i r r i g a t i o n  w a te r  had c o n s id e ra b le  amounts o f  
ca lc ium  which could  cause  phosphorus in  th e  s o i l s  to  r e v e r t  to  i n ­
s o lu b le  forms. A lso , th e  development o f  a n ae ro b ic  c o n d i t io n s  a f t e r  
i r r i g a t i o n  might have caused some o f  the  a v a i l a b l e  phosphorus to  be
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changed to  forma u n a v a i la b le  to  r i c e .  His f in d in g s  showed i r r i g a t i o n  
to  cause a  d e c re a se  in  w a te r - s o lu b le  in o rg an ic  phospha te .  This  was 
p a r t i a l l y  due t o  r e v e r s io n  o f  the  phosphates . There was a l s o  an 
in c re a se  in  th e  o rg an ic  w a te r - s o lu b le  phosphorus th r e e  months a f t e r  
i r r i g a t i o n  a s c r ib e d  to  b a c t e r i a l  a c t i v i t i e s  under a n a e ro b ic  c o n d i t io n s .  
The recommendation on th e  b a s is  o f  the i n t e r p r e t a t i o n s  g iv en  to  th e  
r e s u l t s  was t h a t  p h o sp h a tic  f e r t i l i z e r s  should  not be used when 
c a lc a re o u s  w a te r  was to  be used f o r  i r r i g a t i o n .
Kapp (1933) c i t e s  work by Nagaoka (1904) who r e p o r t s  t h a t  l a r g e r  
in c re a s e s  in  y i e l d s  o f r i c e  were o b ta in ed  by ap p ly in g  f e r r i c ,  
f e r r o u s ,  aluminum, and ca lc ium  phosphates when compared w ith  a c id  
phospha te . Kapp's r e s u l t s  showed t h a t  phosphorus added to  two 
Arkansas s i l t  loam r i c e  s o i l s  under greenhouse c o n d i t io n s  d id  n o t ,  
in  a l l  c a s e s ,  in c r e a s e  th e  y i e l d  o f  r i c e .  The s o i l  s o lu t i o n  c o n ta in e d  
a  very  sm all amount o f  a v a i l a b l e  phosphorus. Large a d d i t io n s  of 
s la k e d  lim e, 1 0 , 0 0 0  pounds p e r  a c r e  per two y e a r s ,  d id  no t d e c re a se  
th e  phosphorus c o n te n t  nor th e  growth of p la n ts  when compared w ith  
u n t r e a te d  p l o t s .
The p ro cess  o f  phosphorus m in e ra l iz a t io n  i s  d e f i n i t e l y  im p o r ta n t ,  
p a r t i c u l a r l y  in  s o i l s  h igh  in  o rg an ic  m a t te r ,  a s  emphasized by Pearson  
e t  £ l .  (1941).  These i n v e s t ig a to r s  added v a r io u s  m a te r ia l s  c o n ta in in g  
o rg an ic  phosphorus to  1 0 0  grams o f  limed and unlimed samples o f  a f in e  
sandy loam s o i l  which was in cu b a ted  a t  25°C w ith  16.5 per  c e n t  m o is tu re  
fo r  60 d ay s .  In  a l l  c a se s  th e  a d d i t i o n  of lime caused an in c r e a s e  
i n  the  amount o f  d i l u t e  a c id - s o lu b le  in o rg a n ic  phosphorus due to  more 
r a p id  m in e r a l i z a t io n  and in c re a se d  s o l u b i l i t y  o f  in o rg a n ic  phosphorus 
compounds in  th e  s o i l .
G le n tv o r th  (1947) s tu d ie d  th e  same S c o t t i s h  s o i l  under a 
n a t u r a l l y  f r e e  d ra in a g e  c o n d i t io n  and under an  impeded d ra in a g e  con­
d i t i o n  w ith  re g a rd s  to  the  d i s t r i b u t i o n  of phosphorus i n  i t s  p r o f i l e .  
The r e s u l t s  p o in te d  to  a lo s s  o f  phosphate in  th e  ground w a te r  from 
th e  l a t t e r  c o n d i t io n .  S im ila r  r e s u l t s  to  th e se  were r e p o r te d  by 
G len tw orth  and Dion (1949) a s  i l l u s t r a t e d  by the  r e l a t i v e  amounts o f  
phosphorus in  two c o n t r a s t e d  p r o f i l e s  o f the  same f i e l d ,  a s  g iven  
below:
F re e ly  Drained P oorly  D rained
H orizon A 100 78
H orizon B 73 42
H orizon C 64 42
According to  Paul and DeLong (1949), Hardy and Rodrigues (1946), 
i n  T r in id a d ,  su g g es ted  a downward movement o f  phosphorus to  have 
o c cu rred  in  B r i t i s h  Guiana s o i l s ,  p a r t i c u l a r l y  in  f lo o d - fa l lo w e d  
s o i l s .  Data by th e  former workers w ith  a heavy t e x tu r e d  Canadian 
s o i l ,  which was f lo o d e d  u s ing  a f r e e -d ra in a g e  and a s ta g n a n t  method 
w i th  and w ith o u t  1 . 0  p e r  cen t  g lu co se ,  suggested  a downward movement o f  
th e  e a s i l y - s o lu b l e  in o rg a n ic  (Truog)phosphorus, e s p e c i a l l y  in  a  soil** 
g lu c o se  s o lu t io n  system . Data a l s o  In d ic a te d  a d e f i n i t e  accum ula tion  
o f  e a s i l y  s o lu b le  o rg an ic  phosphorus. A f te r  a i r - d r y i n g  th e  v a lu e s  o f  
o rg a n ic  phosphorus were d e f i n i t e l y  lower than  th o se  o f  th e  m oist 
s o i l  a t  th e  end o f  th e  f lo o d in g  p e r io d ,  bu t th e se  were s t i l l  about 
t h r e e  tim es as g r e a t  as  was e x t r a c ta b le  from the  o r i g i n a l  d ry  s o i l .
The v a lu e s  of in o rg a n ic  phosphorus were lower th an  th o se  from th e  
w et s o i l s  a t  the  end o f  th e  f lo o d in g  per io d  and lower than  th o se  in
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th e  o r i g i n a l  dry  s o i l .  Theae r e s u l t s  were e x p la in ed  as  being due to  
b io lo g ic a l  r e d u c t io n  o f  i r o n  d u r in g  th e  f lo o d in g  phase , fo llow ed by 
r e - o x id a t lo n  du r in g  th e  d e s ic c a t io n  phase . The n e t  r e s u l t  o f  t h i s  
phenomenon was an in c re a se  in  th e  phosphorus f ix in g  c a p a c i ty  o f  the 
s e sq u io x ld ic  f r a c t i o n .
The f a c t  th a t  in  f looded  r i c e  f i e l d s  th e r e  i s  a su r fa c e  la y e r  
r i c h  in  oxygen (o x id iz in g  zone) and an u n d e r ly in g ,  o x y g e n -d e f ic ie n t  
l a y e r ,  where oxygen i s  consumed by decom position  o f  o rg an ic  m a tte r  
( red u c in g  zone) led  Fu jlw ara  (1950) to  conclude t h a t  in  th e  reduced 
zone f e r r i c  phosphate i s  reduced to  the  more s o lu b le  fe r ro u s  phos­
p ha te  form and th e reb y  g r e a t l y  improved i t s  m anurla l  v a lu e ,  Fujlw ara 
f u r t h e r  no ted  th a t  when w a te r  was removed, a s  in  w in te r ,  o x id a t io n  o f  
th e  f e r r i c  s a l t s  occu rred  and th e  e f f i c a c y  low er. S ince aluminum 
phosphate  i s  no t reduced in  paddy c o n d i t io n  i t s  m anurla l  value  fo r  
paddy r i c e  i s  s l i g h t l y  i n f e r i o r  to  i r o n  s a l t s ,  bu t owing to  the 
w ate rlogged  c o n d i t io n  h y d ro ly s is  goes on and in c re a s e s  i t s  e f f e c t .
On th e  b a s is  o f  p la n t  u p ta k e ,  D alton  et. a l .  (1952) found th a t  
when o rg an ic  m a tte r  was added to  s o i l  as  an  amendment i t  e f f e c t i v e l y  
in c re a se d  the  a v a i l a b i l i t y  o f  s o i l  phosp h a te .  E a s i ly  decomposable 
o rg an ic  m a tte r  was more e f f e c t i v e  i n  t h i s  r e g a rd  th an  o rgan ic  su b ­
s ta n c e s  t h a t  decomposed s lo w ly .
McGeorge (1953) found t h a t  when superphospha te  was a p p l ie d  to  
a po o rly  d ra in ed  s o i l  th e  in c re a se  in  a v a i l a b l e  phosphate  ( e x t r a c te d  
w ith  0 . 5  normal a c e t i c  a c id )  c o n te n t  of th e  s o i l  was g r e a t e r ,  and o f 
longer  d u ra t io n ,  than  when a s im i l a r  d re s s in g  was a p p l ie d  to  a 
f r e e l y  d ra in ed  s o i l .  F ix a t io n  of phosphate  appeared  to  be le s s  r a p id
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and le a s  complete under poor d ra in ag e  c o n d i t io n s .  Applying su p e r ­
phosphate  to  a po o rly  d ra in e d  s o i l  r e s u l t e d  in  in c re a se s  i n  " a v a i l a b le "  
phosphate  down to  a d ep th  o f  seven inches  or more, b u t,  in  a  f r e e l y  
d ra in e d  s o i l  in c r e a s e s  o f " a v a i l a b le "  phosphate  were not r e g i s t e r e d  
below th re e  t o  fou r  in c h e s .  Downward movement of t o t a l  phosphate  
(d ig e s te d  w i th  c o n c e n tra te d  s u l f u r i c  a c id  and n i t r i c  ac id )  was 
a p p re c ia b le  in  poo rly  d ra in e d  s o i l s .  I t  was concluded th a t  lo s s e s  of 
to p -d re s se d  phosphate  from s u r f a c e  la y e r s  o f  poorly  d ra in ed  s o i l s  a re  
im p o rtan t .  In  the  f r e e l y  d ra in e d  s o i l s ,  however, n e a r ly  a l l  the  
a p p l ie d  phosphate  was r e t a i n e d  in  th e  top  th re e  t o  four in c h e s .
M i t s u i 's  e x p la n a t io n  (1954) f o r  th e  rem arkably d i f f e r e n t  b e ­
h a v io r  o f  phosphate  i n  paddy s o i l  and upland  s o i l  i s  based on th e  
h ig h e r  s o l u b i l i t y  o f  f e r ro u s  phosphate a s  compared to  f e r r i c  phos­
p h a te .  He r e p o r te d  t h a t  the  s o l u b i l i t y ,  in  flooded  c o n d i t io n s ,  o f  
phosphate in c re a se d  g r e a t l y  above pH 4 .5  and below pH 7 .0 .
Fonnamperuna (1955) was a b le  to  con firm  th e  t h e o r e t i c a l  p r e ­
d i c t i o n s  o f o th e r  i n v e s t i g a t o r s ,  and t h e i r  p r a c t i c a l  o b s e rv a t io n s ,  
i n  t h a t  the  s o l u b i l i t y  o f  phosphate  in c re a se d  on submergence and 
r e d u c t io n  o f a s o i l .
The f in d in g s  o f  G asser  (1956) a r e  a l s o  in  agreement w ith  e f f e c t s  
noted  by o th e r  w orkers ,  p a r t i c u l a r l y  th e  in c re a se  in  d i l u t e  a c id -  
s o lu b le  phosphate o c c u r r in g  on w a te r lo g g in g  a c id  s o i l s  a t t r i b u t e d  to  
th e  r e d u c t io n  o f  f e r r i c  phosp h a te .
Shapiro  (1958a) n o ted  t h a t  f lo o d in g  in c re a se d  the a v a i l a b i l i t y  
o f  s o i l  phosphorus, y i e l d ,  and phosphorus uptake by r i c e  p l a n t s .  S hap iro  
(1958b) a l s o  no ted  t h a t  th e  a d d i t io n  o f  spen t b re w e r 's  hops to  a 
f looded  s o i l  in c re a s e d  th e  a v a i l a b i l i t y  o f  both  in o rg a n ic  and o rg a n ic
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phosphorus. He showed th * t  r e d u c t io n  was th e  most Im portan t f a c t o r  
i n  phosphorus a v a i l a b i l i t y .
Is lam  and E la h i  (1960) have confirm ed th e  r e v e r s io n  o f  f e r r i c  
i ro n  to  f e r ro u s  i ro n  under w ate rlogged  c o n d i t io n s  and a t t r i b u t e d  th e  
g r e a t e r  a v a i l a b i l i t y  o f  phosphorus under th e se  c o n d i t io n s  to  th e  
r e d u c t io n  o f  f e r r i c  phosphate . T h e ir  r e s u l t s  c l e a r l y  showed t h a t  
w a te r lo g g in g  a lo n e  in c re a se d  th e  amounts o f  f e r ro u s  i ro n  and r e a d i l y  
s o lu b le  phosphorus. Moreover, th e  a d d i t io n  o f  o x id iz a b le  su b s ta n c e s  
in c re a se d  t h i s  t r a n s fo rm a t io n  o f  f e r r i c  s a l t s  and thus in c r e a s e d  th e  
amount o f  r e a d i l y  s o lu b le  phosphorus. The g r e a t e r  amount o f  t r a n s ­
fo rm atio n  was completed w i th in  th r e e  weeks' t im e . The n a tu r e  o f  th e  
t r a n s fo rm a t io n  was a t t r i b u t e d  to  e i t h e r  chem ical or b i o l o g i c a l  a c t i o n  
though t h i s  was undeterm ined.
Most r e c e n t l y  P a t r i c k  (1964), working w i th  c o n t r o l l e d  redox 
p o t e n t i a l s ,  found a d e f i n i t e  r e l a t i o n s h i p  between e x t r a c t a b l e  
phosphate  phosphorus and th e  redox p o t e n t i a l  o f  the  s o i l .  His d a ta  
in d ic a te d  a marked in c re a s e  in  e x t r a c t a b l e  phosphorus when th e  redox 
p o t e n t i a l  f e l l  below +200 m i l l i v o l t s .  This phosphorus in c re a s e d  from 
10 p a r t s  p e r  m i l l io n  to  35 p a r t s  p e r  m i l l io n  between the  p o t e n t i a l s  of 
+200 and -200 m i l l i v o l t s .  The f a c t  th a t  a t  +200 m i l l i v o l t s  f e r r i c  
i ro n  a l s o  began to  be reduced to  fe r ro u s  i ro n  tends  to  co n f irm  t h a t  
t h i s  in c r e a s e  in  phosphorus came from th e  co n v ers io n  o f f e r r i c  
phosphate  to  the  more so lu b le  fe r ro u s  phospha te .
Manganese Reduction
In  w e l l  d ra in e d  s o i l s  manganese i s  m ostly  p re se n t  a s  th e  more 
o x id ized  and in s o lu b le  manganese d io x id e  (Mn02). In  f lo o d e d  s o i l s
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th e  manganese d io x id e  i s  reduced to  th e  l e s s  o x id iz e d  and more 
s o lu b le  manganous form in  which form i t  can occur in  l a r g e  amounts. 
Manganese p lay s  an im portan t r o le  in  p la n t  n u t r i t i o n .  The r i c e  p la n t  
r e q u i r e s  la rg e  q u a n t i t i e s  o f  t h i s  minor e lem en t.
K e lly  and McGeorge (1913) d i s c lo s e d  d a ta  showing t h a t  the  s o lu ­
b i l i t y  o f  manganese in  Hawaiian s o i l s  In c re a se d  w i th  tim e under 
red u c in g  (wet) c o n d i t io n s .  Conner (1918) found s i g n i f i c a n t  in c re a se s  
in  th e  amount o f  r e p la c e a b le  manganese on f lo o d in g  a  s o i l .
S ch o llen b e rg e r  (1928) found t h a t  when a one to  one d ry  s o i l  to  
w a te r  m ix tu re  was in c u b a ted ,  a f t e r  th r e e  weeks, t h e r e  was a very  
l a r g e  in c re a s e  in  exchangeable manganese. The p resen ce  o f  1.0 per 
c e n t  s t a r c h  he igh tened  t h i s  e f f e c t .  This  was though t to  be due to  
r e d u c t io n  o f th e  h ig h e r  ox ides  o f  manganese by b a c t e r i a .  A consequence 
o f  t h i s  was t h a t  manganese ox ides  in  th e  s o i l  red u ce  and supply  an 
a c t i v e  base w ith  a d e c rease  in  a c id  r e a c t i o n .
Metzger (1930) found t h a t  r e p la c e a b le  manganese in c re a se d  upon 
f lo o d in g .  He noted  th a t  in  a tw e n ty -y e a r -o ld  r i c e  f i e l d  the  
r e p la c e a b le  manganese was a l s o  s i g n i f i c a n t l y  h ig h e r  th a n  in  an ad ­
jo in in g  n o n - i r r i g a t e d  f i e l d .
F ind ings  by Robinson (1930) on submerged s o i l s  were th a t :
(a) The s o l u b i l i t y  o f  manganese in c re a se d  w i th  time of 
submergence where t h e r e  was an a p p r e c ia b le  q u a n t i ty  
of manganese in  th e  s o i l .
(b) The in c re a s e  in  manganese c o n c e n t r a t io n  was caused 
i n d i r e c t l y  by th e  m ic ro b ia l  a c t i o n  on th e  o rgan ic  
m a tte r  which produced carbon  d io x id e  a long  w ith  o th e r
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g a se s .  I t  was th e  carbon dioxidje thus  produced t h a t  
m ainly h e ld  th e  manganese in  s o lu t io n .
(c) Organic m a t te r  g r e a t l y  in f lu e n c e d  the  s o l u b i l i t y  o f  
manganese under submerged s o i l  c o n d i t io n s .
P ip e r  (1931) w a te r lo g g ed  a l k a l i n e  A u s t r a l i a n  s o i l s  w ith  and 
w ith o u t 0 .25 per  c e n t  d e x t r o s e .  W aterlogging  in c re a se d  the amount 
o f  w a te r - s o lu b le  manganese more when a d d i t io n s  o f  d ex tro se  were 
made. This was a s s o c ia te d  w i th  th e  g r e a te r  b a c t e r i a l  a c t i v i t y  of 
th e se  s o i l s ,  s in c e  a n a e ro b ic  c o n d i t io n s  developed sooner and became 
more pronounced than  in  th e  s o i l s  to  which no d e x tro se  had been 
added. Such red u c in g  c o n d i t io n s  were co n s id e red  fav o rab le  to  the 
r e d u c t io n  o f  manganese d io x id e  to  s o lu b le  manganous compounds.
Somers and Shive (1942) e s t a b l i s h e d  th e  i n t e r r e l a t i o n s h i p  in  
m e tab o lic  fu n c t io n s  between i r o n  and manganese. A ccordingly , 
symptoms o f  i r o n  t o x i c i t y  corresponded  to  th o se  o f manganese de­
f ic ie n c y  and v ic e  v e r s a . T h is  was l a t e r  supported  in  a review  by 
Twyman (1946).
R e s u l ts  by Mann and Q u as te l  (1946) c l e a r l y  showed th a t  manganese 
in  s o i l s  underwent a m e ta b o l ic  c y c le ,  th e  k i n e t i c s  o f  which were 
determ ined by th e  n a tu r e  o f  th e  m icroorganism s and the  o rg an ic  m a t te r  
p r e s e n t .
Leeper (1947) n o ted  t h a t  th e  h ig h e r  ox ides  o f  manganese are  
reduced e i t h e r  by d i r e c t  a c t i o n  w ith  o rg a n ic  m a t te r  or by b io lo g i c a l  
p ro c e sse s .  R educ tion  by o rg a n ic  m a t te r  was more l i k e l y  a t  low pH 
v a lu e s ,  s in c e  th e  o x id iz in g  power o f  th e  h ig h e r  ox ides  in c re a se s  
r a p id ly  w ith  a c i d i t y .  He n o te d  t h a t  b i o l o g i c a l  r e d u c t io n  could
tak e  p la c e  a t  any pH v a lu e  i f  th e  oxygen te n s io n  were low, a t  which 
time th e  an a e ro b ic  b a c t e r i a  u se  th e  h ig h e r  ox id es  as a so u rce  o f  
oxygen,
According to  Fujim oto  and Sherman (1948), o rg a n ic  m a t te r  w ith  
a h igh  c a rb o n -n i t ro g e n  r a t i o  in c re a se d  the  a v a i l a b i l i t y  o f  manganese 
in  the s o i l  t o  a g r e a t e r  v a lu e .  Organic m a t te r  w i th  a h ig h  carbon- 
n i t ro g e n  r a t i o  c o n ta in s  la rg e  amounts o f  e a s i l y  o x id iz a b le  su b s tan ces  
such as s t a r c h  and sugar which when added to  th e  s o i l  a r e  o x id iz e d  
b i o l o g i c a l l y  w ith  th e  fo rm ation  o f  carbon d io x id e .
Hurwitz (1948) cou ld  n o t  d e te c t  any in c r e a s e  in  exchangeable  
manganese in  a s o i l  in cu b a ted  a t  2 0  p e r  cen t  m o is tu re  w i th o u t  added 
o rg an ic  m a t t e r .  The a d d i t io n  o f so lu b le  g lucose  and peptone i n ­
c reased  m ic ro b ia l  a c t i v i t y  and in c re a se d  the  exchangeable  manganese. 
The in c re a s e  i n  manganese was co n s id e red  due to  a  drop i n  redox  
p o t e n t i a l .
Reduced s o i l s  l i b e r a t e  la rg e  amounts o f  exchangeable  manganese 
accord ing  to  P e a r s a l l  (1950).
Ponnamperuma (1955) observed i d e n t i c a l  changes fo r  s o lu b le  
manganese as fo r  i r o n .  The h ig h e s t  c o n c e n t r a t io n  of s o lu b le  man­
ganese was a s s o c ia te d  w ith  submerged, low pH t re a tm e n ts  to  which 
o rg an ic  m a t te r  (o a t  s traw ) was added. He concluded t h a t  manganese 
was very  e a s i l y  reduced  and i t  i s  only because o f  the  low manganese 
co n ten t  o f s o i l s  t h a t  submerged s o i l s  do n o t  a t t a i n  even h ig h e r  
c o n c e n t r a t i o n s .
C lark  and Resnicky (1956) showed some s t r i k i n g  e f f e c t s  which 
le n g th  o f  f lo o d in g  and the  a d d i t io n  o f  o rg an ic  m a t te r  have on th e
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in c r e a s e  i n  manganese. By 84 days th e  manganese c o n c e n t r a t io n  fo r  
th e  t re a tm e n t  r e c e iv in g  no a d d i t i o n a l  o rg a n ic  m a t te r  a c t u a l l y  
exceeded the  c o n c e n tra t io n  f o r  th e  1 . 6  p e r  c e n t  t re a tm e n t  which 
su g g es t  t h a t  th e  re d u c t io n  p ro c e ss  had " sp e n t  i t s e l f  o u t . "
C lark  e t  a l .  (1957) observed  a marked y i e l d  re sp o n se  to  
manganese by r i c e  under f looded c o n d i t io n s .  They concluded th a t  
r i c e  had a h ig h  requirem ent: fo r  and an e x c e p t io n a l ly  h igh  to le ra n c e  
fo r  manganese.
Is lam  and Choudhury (1960) conducted experim ents  in  th e  l a b o ra ­
to ry  which showed t h a t  a f t e r  two months o f  w a te r lo g g in g  s o i l  samples 
a r e d i s t r i b u t i o n  o f manganese had tak en  p la c e .  At th e  s t a r t  man­
ganese was un ifo rm ly  d i s t r i b u t e d  th rough  the  e n t i r e  s o i l  depth  w h ile  
under w a te r lo g g ed  co n d i t io n s  i t s  c o n c e n t r a t io n  in c re a s e d  a t  th e  s u r ­
f a c e ,  as  in  i ro n .
I ro n  and manganese t ra n s fo rm a t io n  in  w a te r lo g g ed  r i c e  s o i l s  
were s tu d ie d  by Mandal (1961). This  work in d i c a t e d  a somewhat 
d i f f e r e n t  course  o f t ra n s fo rm a tio n  o f  manganese from t h a t  o f i r o n .  
Manganese e n te re d  in to  the exchangeable  complex and a l s o  appeared in  
so lu b le  form much e a r l i e r  th a n  i r o n .  The r e d u c ib le  manganese, 
com prising  h ig h e r  ox ides  such as Mn0 2 , Mn2 C>3 , and Mn3 0 4 , showed a 
d ec re a se  fo r  some time a f t e r  th e  s o i l  had been w a te r logged  and then  
began to  in c r e a s e  to  a le v e l  t h a t  was h ig h e r  th an  a t  th e  s t a r t .
In  a  subsequent s tudy , Mandal (1962) r e l a t e d  th e  b e t t e r  growth 
o f  r i c e  p l a n t s  grown in  s o i l s  which were under an atmosphere c o n ta in ­
ing  1 0  per c e n t  oxygen, to  th e  b e n e f i c i a l  e f f e c t  o f  i r o n  and manganese. 
P la n ts  o f  t h i s  t re a tm e n t  absorbed th e  g r e a t e s t  amounts o f  i ro n  and
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manganese, had th e  h ig h e s t  dry w e ig h t ,  and th e  d ra in ag e  w ater  was 
h ig h e s t  in  i ro n  and manganese c o n c e n t r a t io n s .
Changes in  pH
A c h a r a c t e r i s t i c  f e a tu r e  o f  w a te r logged  s o i l s  i s  t h a t  they  a re  
never very  a c id  even though th e y  may be base  d e f i c i e n t .  Wh$n th e se  
h ig h ly  reduced s o i l s  a re  d r ie d  they  u s u a l ly  become more a c id .  At 
th e  tu rn  o f  th e  2 0 th  c e n tu ry  i t  was b e l ie v e d  t h a t  poor d ra inage  
r e s u l t e d  in  " so u rn ess"  o f  s o i l s  which was a s s o c ia te d  w ith  an in ju r io u s  
degree o f " a c i d i t y " .  In  t h i s  r e s p e c t  c o r r e l a t i o n s  had sometimes 
been found between poor d ra in a g e  and h igh  lime re q u ire m e n ts .  Among 
th e  e a r l i e s t  r e f e r e n c e s  to  t h i s  e f f e c t  i s  t h a t  o f  Conner (1917) who 
in v e s t ig a te d  s o i l s  from t i l e d  and u n t i l e d  land  and found t h a t  th e  
d ra in e d  s o i l  r e q u i re d  l e s s  lim e th an  the  u nd ra ined  s o i l .  A subse­
quent study was conducted by Conner (1918), on f iv e  In d ia n a  s o i l s ,  
to  i n v e s t i g a t e  th e  e f f e c t  o f  m o is tu re  on s o i l  a c i d i t y .  A c id i ty  was 
determ ined by th r e e  lime requ irem en t?m ethods . The d a ta  c l e a r ly  
i l l u s t r a t e d  t h a t  th e re  was a g e n e ra l  marked decrease  in  a c i d i t y  w ith  
in c re a s e  i n  m o is tu re  c o n te n t s .  Even so ,  i t  was s t a t e d  t h a t :  "The
a c i d i t y  of s o i l s  kep t s a tu r a t e d  w i th  w a te r  fo r  a p e r io d  o f  time 
tended to  d e c re a se " .
G i l l e s p ie  (1920) f i r s t  p o in te d  out t h a t  w a te r lo g g in g  tended 
to  make s o i l s  l e s s  i n t e n s e ly  a c id .  He had found t h a t  th e  b e t t e r  
d ra in ed  s o i l s  had a h ig h e r  hydrogen ion  c o n c e n tra t io n  than  th e  more 
p o o r ly  d ra in ed  s o i l s .  He b e l ie v e d  t h a t  th e  s o -c a l le d  " so u rn ess"  o f 
s o i l s  in c lu d ed  something beyond a c i d i t y ,  p robably  the  e f f e c t  of a 
h ig h  s t a t e  or r e d u c t io n .
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Subrahmanyan (1927) n o ted  a  d i s t i n c t  r i s e  in  th e  pH v a lu e s  as 
a  r e s u l t  o f  w a te r lo g g in g ,  p r in c ip a l l y  during  th e  e a r ly  s ta g e s  o f 
w a te r lo g g in g .  A Rothamsted s o i l  in c re a se d  from pH 7 .5  to  pH 8 .2  in  
seven days and an In d ia n  s o i l ,  from Coimbatore, in c re a se d  from pH 
7 .4  to  pH 7 .8  in  fo u r  days . There was a s l i g h t  d ec rease  a f t e r  t h a t  
t im e ,a l th o u g h  th e  f ig u r e s  s t i l l  remained h ig h er  than  a t  th e  b e g in n in g .  
He a l s o  observed  t h a t  th e  r i s e  in  th e  pH v a lue  was p o s i t i v e l y  c o r ­
r e l a t e d  w i th  th e  lo g a r i th m s  of the  corresponding  amounts o f  f r e e  and 
s a l i n e  ammonia.
In  f lo o d ed  r i c e  s o i l s ,  Metzger and Janssen  (1928) showed a 
p ro g re s s iv e  d e c re a se  in  hydrogen ion  c o n c e n tra t io n .  The hydrogen ion  
c o n c e n t ra t io n  su b seq u en tly  in c re a se d  when the  s o i l s  were d r ie d  fo r  
a week b e fo re  d e te rm in a t io n s  were made. The d ecrease  in  hydrogen 
ions  was p a r t l y  a t t r i b u t e d  to  ammonia and p a r t l y  to  r e d u c t io n  com­
pounds r e s u l t i n g  from an a e ro b ic  co n d i t io n s  developing  in  th e  s o i l .
In  Ohio, S c h o l le n b e rg e r  (1928) found t h a t  when a one to  one 
dry s o i l  to  w ate r  m ix tu re  was in cuba ted  th e re  was a d e c re a se  in  a c id  
r e a c t i o n  and an in c r e a s e  in  per  cen t  t o t a l  base s a tu r a t i o n .  With 
the  a d d i t io n  o f  s t a r c h  t h i s  e f f e c t  was accen tu a ted .  A s im u ltan eo u s ly  
la rg e  in c r e a s e  in  exchangeable  manganese was evidence t h a t  manganese 
ox ides  in  th e  s o i l  red u ce  and supply an a c t iv e  b ase .  He found no 
s i g n i f i c a n t  change in  th e  ammonia c o n ten t  of the  s o i l  and concluded 
t h a t  th e  in c r e a s e  i n  a l k a l i n i t y  was th e r e fo re  due to  reduced  forms 
o f mahganese.
Robinson (1930) found t h a t  s o i l s  were made l e s s  a c id  by sub­
mergence fo r  a s h o r t  p e r io d  excep t by such a c id i ty  as due to  carbon
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d io x id e  and b ic a rb o n a te s .  I t  would seem th a t  pH would be governed 
by th e  carbon d io x id e  evolved .
According to  Ponnamperuma (1955), D ennett (1932) conducted a 
f i e l d  s tudy  in  which he observed  la rg e  d i f f e r e n c e s  between concen­
t r a t i o n s  o f  hydrogen ion  in  th e  r i c e  s o i l  du r in g  fa l lo w  and when 
f lo o d e d .  These he a t t r i b u t e d  n o t  only to  th e  fo rm atio n  o f  ammonia 
on w a te r lo g g in g  b u t  a lso  to  a change i n  e q u i l ib r iu m  between fe r ro u s  
i r o n  and f e r r i c  i r o n .  He drew a t t e n t i o n  to  th e  f a c t  t h a t  f e r ro u s  
i r o n  a c t s  as a base  in  submerged r i c e  s o i l s .
In  a s o i l  p r o f i l e  s tudy  J o f f e  (1935) contended t h a t  th e  anaerob ic  
c o n d i t io n s  p r e v a i l in g  in  th e  g ley  h o r iz o n ,  which i s  g e n e r a l ly  w a te r ­
logged , favor re d u c in g  r e a c t i o n s .  In  th e  re d u c in g  p ro cess  th e  f e r r i c  
i r o n  g iv es  r i s e  to  fe r ro u s  i ro n  and in  the case  o f the  hydrox ide  the  
weak base  changes in to  th e  s t ro n g e r  fe r ro u s  b a s e .  P a r t l y  because o f 
t h i s  f a c t ,  and t h a t  the  ground w a te rs  a re  a l s o  e n r ic h e d  w i th  b a se s ,  
he concluded t h a t  one should  expect a h ig h e r  pH i n  t h e  g ley  h o r iz o n .
In  an i n v e s t i g a t i o n  designed  to  study carbon and n i t ro g e n  
t ra n s fo rm a t io n s  o f w aterlogged  s o i l s  S c reen iv asan  and Subrahmanyan 
(1935) observed  t h a t  in  most ca ses  th e  r e a c t i o n  rem ained p r a c t i c a l l y  
th e  same (pH 7 .4  to  7 .6 )  throughout th e  p e r io d  o f  o b s e rv a t io n .  With 
added energy substances- th e  medium became a c id  (pH 5 .7  to  5 .9 )  w i th in  
th e  f i r s t  two weeks, a f t e r  which i t  r o s e  s t e a d i l y  to  pH 7 .6 .
As a r e s u l t  o f  f lo o d in g  a Crowley s o i l  w i th  d i s t i l l e d  w a te r ,
Reed and S tu rg i s  (1939) r e v e a le d  t h a t  the  pH of th e  v i r g i n  s o i l  
in c re a s e d  s t e a d i l y  from pH 5 .00 to  6.55 in  a p e r io d  o f 18 weeks. The 
pH of th e  c u l t i v a t e d  s o i l ,  be ing  h ig h e r  to  b eg in  w i th ,  in c re a se d  
under f looded  c o n d i t io n  from pH 6.45 to  7 .2 7 .  I n  a d d i t io n ,  the
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p resence  o£ o rg an ic  m a t te r  tended  to  r a i s e  th e  pH a f t e r  sub­
mergence .
Mortimer (1941) submerged la k e  muds in  a tank  study w ith  t  he 
r e s u l t s  d i s c lo s in g  in c re a s e s  i n  pH, carbon d io x id e ,  a l k a l i n i t y ,  
ammonia, f e r ro u s  and manganous compounds and a d e p le t io n  o f  oxygen.
He n o ted  th a t  the  ammonia a lone  was s u f f i c i e n t  to  account fo r  th e  
in c re a s e  in  pH.
Paul and DeLong (1949) examined pH changes, a f t e r  30 days, in ­
duced by f lo o d in g  a  heavy t e x tu re d  Canadian s o i l  w ith  d i s t i l l e d  w ater 
and w ith  a 1 .0  per cen t  g lu co se  s o lu t io n .  They observed t h a t  f lo o d in g  
w ith  w ater  only  tended  to  ih c r e a s e  th e  pH s l i g h t l y ,  whereas f lood ing  
w ith  g lucose  s o lu t i o n  produced a rem arkab le  d ec rease  in  t h i s  c h a r a c te r ­
i s t i c .  R e la t iv e  to  the  l a t t e r  they  n o ted  t h a t  in  th e  s o i l - g lu c o s e  
s o lu t io n  system t h e r e  was a marked " b u ty r ic "  odor and c o n s id e ra b le  
e v o lu t io n  o f gas . The a c id s  produced i n  t h a t  fe rm en ta t io n  were 
co n s id e red  r e s p o n s ib le  fo r  th e  change i n  pH of t h a t  system.
From an in v e s t i g a t i o n  o f  wet s o i l s  P e a r s a l l  (1950) suggested  
t h a t  the  h igh  e x c h a n g e a b i l i ty  o f  b a ses  under red u c in g  co n d i t io n s  was 
im portan t in  m a in ta in in g  the  h ig h  pH of w a te r logged  s o i l s .  A l a t e r  
s tudy  by P e a r s a l l  (1952) f u r t h e r  in d ic a te d  t h a t  the  e f f e c t  of changing 
from an o x id iz in g  to  a re d u c in g  s t a t e  in  wet s o i l s  a lso  invo lved  pH 
changes. The red u c in g  c o n d i t io n  was a s s o c ia te d  p a r t i c u l a r l y  w i th  the  
appearance o f  i ro n  and manganese in  reduced  forms, o f  lower valency 
and h ig h e r  s o l u b i l i t y ,  a n d  a l s o  w i th  a somewhat h ig h er  pH. His 
f in d in g s  were f u r th e r  s u b s t a n t i a t e d  by the  f a c t  t h a t  d ry ing  and 
r e f lo o d in g  b rought about r e v e r s i b l e  changes in  s o i l  pH.
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F u r th e r  ev idence  fo r  th e  in c r e a s e  in  pH o f  a  s o i l  on submergence 
was p re se n te d  by Ponnamperuma (1955). He found th e  fo llo w in g  t e n ­
dencies  :
(a)  A f te r  about 34 days pH in c re a s e s  l e v e l l e d  o f f .
(b) An in c r e a s e  in  o rg an ic  m a t te r  c o n ten t  caused an in c re a s e  
in  pH.
(c)  The in c r e a s e  i n  pH was g r e a t e s t  fo r  th e  low est pH samples 
and l e a s t  fo r  th e  h ig h e s t  pH samples.
Ponnamperuma a s s o c ia te d  th e se  te n d e n c ie s  w ith  th e  r e d u c t io n  o f i ro n  
and manganese.
A h ig h ly  s i g n i f i c a n t  c o r r e l a t i o n  between pH and redox p o te n ­
t i a l s ,  i n  a submerged Crowley s i l t  loam s o i l ,  was no ted  by P a t r i c k  
(1960). At c o n t r o l l e d  s o i l  redox  p o t e n t i a l s  a d ecrease  in  p o t e n t i a l  
from +500 m i l l i v o l t s  to  -100 m i l l i v o l t s  caused an in c re a se  in  pH from
4 .6  to  7 .0 .  The r e s u l t i n g  redox p o te n t ia l /p H  s lope  was 232 m i l l i v o l t s  
p e r  pH u n i t .  The c o r r e l a t i o n  between redox p o t e n t i a l  and pH had a 
c o e f f i c i e n t  o f  -0 .9 7 5 .
Motomura e t  a l .  (1962) have r e p o r te d  paddy s o i l s  and v o lc a n ic -  
ash  s o i l s  to  in c r e a s e  in  pH upon submergence and in c u b a t io n .  Upon 
adding r i c e  s tra w  or v e tc h  the  pH f e l l  a t  f i r s t ,  ro se  a f t e r  seven 
days and was f a i r l y  s tead y  a f t e r  14 or 21 days.
Work by Takai £ t  a l .  (1963) in  Japan , suggested  t h a t  the  pH o f
submerged s o i l s  was g r e a t ly  in f lu e n c e d  by the  amount of f e r ro u s  i r o n  
because o f th e  c lo s e  co n n ec tio n  t h a t  e x i s te d  between fe r ro u s  i r o n
c o n te n t  in  t h e  s o i l ,  redox  p o t e n t i a l  and pH changes.
P a t r i c k  (1964) t ia s  r e c e n t ly  found t h a t  e x t r a c t a b l e  i ro n  in  a
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submerged Crowley s l i t  loam s o i l  responded m arkedly to  changes in  
redox  p o t e n t i a l .  Consequently , he e x p la in s  an in c r e a s e  in  pH 
accompanying a d ec rease  in  redox p o t e n t i a l  on t h e  b a s i s  t h a t  a t  
low redox p o t e n t i a l s  f e r r i c  hydroxide i s  reduced  to  fe r ro u s  hydroxide 
as fo llo w s :
Fe (OH) 3 + e" ____ ^ Fe (OH) 2 + 0H"
and th e  s im ultaneous p ro d u c tio n  o f  hydrox ide ions  in c r e a s e s  th e  pH.
Changes in  S p e c i f ic  C onduc tiv ity
The s p e c i f i c  c o n d u c t iv i ty  o f  f looded  s o i l s  has  n o t been a 
s u b je c t  o f  much s tu d y .  I t s  s t r i k i n g  c h a r a c t e r i s t i c  i s  t h a t  i t  
q u ic k ly  r i s e s  even though n i t r a t e s  a re  reduced  to  n i tro g e n o u s  gases  
under th e se  c o n d i t io n s .  T h is  in c r e a s e  in  s p e c i f i c  c o n d u c t iv i ty  may 
n e v e r th e le s s  be accounted fo r  by in c re a s e s  i n  ammonia, i r o n ,  man­
ganese and o th e r  b a se s .
The e a r l i e s t  p rocedures  used  fo r  de te rm in ing  d is s o lv e d  s a l t s  
in  w ate r  was e v a p o ra t io n ,  between 100 and 180°C, fo llow ed by w eighing. 
Whitney and Means (1897) proposed e l e c t r i c a l - r e s i s t a n c e  measurements 
fo r  de te rm in in g  the  so lu b le  s a l t  c o n te n t  o f s o i l s .
Conner (1918) d iscove red  t h a t  s a tu r a t e d  s o i l s  had in c re a se d  
c o n c e n tra t io n s  o f  s e v e ra l  c o n s t i t u e n t s  such as i r o n ,  manganese, and 
s i l i c a .
K i t to  (1938) noted  t h a t  fo r  a l l  p r a c t i c a l  purposes  th e  in f lu e n c e  
o f d is s o lv e d  f r e e  carbon d io x id e  on c o n d u c t iv i ty  measurements may be 
reg ard ed  as n e g l ig ib l e .  The re a so n  b e ing  t h a t  w a te r  r i c h  in  b i ­
ca rb o n a te  ions r e p re s s e s  th e  d i s s o c i a t i o n  o f  d is s o lv e d  carbon
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d iox ide  (CO2 ) In to  H* and HC(>3 ~ io n s ,  and thus  th e  conduc tiv ity ;  I s  n o t  
a f f e c te d .  Even in  d i s t i l l e d  w a te r ,  w i th  which th e  maximum e f f e c t  i s  
experienced , a s a tu r a te d  s o lu t io n  o f  carbon d io x id e  (100-150 p a r t s  
per 1 0 0 , 0 0 0 ) only  gave a s p e c i f i c  c o n d u c t iv i ty  w ith  an apparen t s a l i n e  
co n ten t  o f  about two p a r t s  p e r  1 0 0 , 0 0 0 .
B ra d f ie ld  (1941) dem onstra ted  how changes in  carbon d iox ide  
p re s su re  q u ick ly  in f lu e n c e d  th e  s p e c i f i c  conductance o f a suspension  
o f calcium  hydroxide and c la y .  A f te r  in t ro d u c in g  carbon d io x id e ,  
from a c y l in d e r ,  in to  a  su sp en s io n  o f c la y  and calc ium  hydroxide 
w ith  a pH of 8 .5  the  s p e c i f i c  conductance ro se  from about 1.5 x 10"4 
mhos/cm. to  about 5 .0  x 10"^ mhos/cm. in  a very  s h o r t  la p se  o f  t im e, 
and a t t a in e d  a pH of 5 .3 7 .  The carbon d io x id e  was th e n  tu rn e d  o f f  
and th e  s p e c i f i c  conductance dropped to  a new and c o n s ta n t  l e v e l  o f 
approxim ately  2 .5  x 10”^ mhos/cm. w ith  a pH o f  7 .94 .
Mortimer (1941) r e p o r te d  t h a t  th e  e l e c t r i c a l  c o n d u c t iv i ty  of 
lake  mud, in  an an ae ro b ic  ta n k  exper im en t,  ro se  s t e a d i l y  during  the  
p e r io d  of r e d u c t io n .  He th e o r iz e d  t h a t  t h i s  r i s e  may have been p a r t l y  
due to  the  l i b e r a t i o n  o f adsorbed  ions  as abso rb ing  complexes were 
d es troyed  by r e d u c t io n .  There was a sharp  f a l l  in  c o n d u c t iv i ty ,  a f t e r  
a maximum was rea c h e d ,  in  117 day s ,  p robab ly  as a r e s u l t  of p r e c i p i ­
t a t i o n  of fe r ro u s  and s u l f i d e  io n s  as fe r ro u s  s u l f i d e .  I t  was a lso  
p o s s ib le  t h a t  some a d s o rp t io n  of io n s  on c o l l o i d a l  f e r ro u s  s u l f id e  
might have taken  p la c e .
Ponnamperuma (1955) showed t h a t  th e r e  was a r a p id  d e c l in e  in  
s p e c i f i c  conductance w ith  tim e in  th e  p e r c o la te s  o f  f looded s o i l s .
The submerged s o i l s  w ith  no d ra in ag e  had f iv e  tim es th e  c o n d u c t iv i ty
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o£ submerged s o i l s  w i th  d ra in a g e .  He suggested , t h e r e f o r e ,  t h a t  s in c e  
n i t r a t e s  and s u l f a t e s  were th e n  a b s e n t ,  th e  h igh  s p e c i f i c  conductance 
o f  th e  p e r c o la t e s  from th e  submerged s o i l s  w ith  no d ra inage  was due 
to  much h ig h e r  c o n c e n t r a t io n s  o f  reduced  su b s tan ces  than  in  the  s o i l s  
w ith  d ra in a g e .
Changes in  Redox P o t e n t i a l
The term  o x id a t io n - r e d u c t io n  p o t e n t i a l  i s  synonymous to  " redox" 
p o t e n t i a l  which s h a l l  be used  h e n c e fo r th .  When s o i l s  a r e  submerged 
m ic ro b ia l  r e s p i r a t i o n  r a p id ly  d e p le te s  th e  oxygen p r e s e n t .  C o n d itio n s  
fa v o ra b le  to  r e d u c t io n  th en  tak e  p la c e  as ev idenced by t h e i r  re d u c ­
t i o n  p o t e n t i a l s  which has  been used  as an index o f  t h i s  s t a t e .  The 
p r i n c i p l e s  inv o lv ed  in  redox p o t e n t i a l  measurements as a p p l ie d  to  
s o i l s  a re  d isc u s se d  by Brown (1934). B a s ic a l ly ,  th e  p o t e n t i a l  o f  
th e  system (Eh) i s  p r o p o r t io n a l  to  th e  lo g a r ith m  o f  the  r a t i o  o f 
o x id a n t  to  r e d u c ta n t  as w e l l  as tem p era tu re  o f th e  p a r t i c u l a r  system  
under c o n s id e ra t io n .  A lso , th e  system must be r e v e r s i b l e ,  i . e .  th e  
o x id iz e d  form r e a d i l y  r e d u c ib le  and v ic e  v e r s a .
P o t e n t i a l s  a r e  u s u a l ly  measured e l e c t r o m e t r i c a l l y , on a 
p o te n t io m e te r ,  a t  a b r ig h t  p la tin u m  e le c t r o d e  coupled to  a s a tu r a t e d  
calomel e le c t r o d e  ( S .C .E . ) .  Since by d e f i n i t i o n ,  o x id a t io n  i s  th e  
lo s s  o f  e l e c t r o n s  and r e d u c t io n  i s  th e  g a in  o f e l e c t r o n s ,  red u c in g  
ions  ten d  to  g ive  up e l e c t r o n s  to  th e  p la tinum  e le c t r o d e ,  which i s  
p laced  in  th e  s o i l s ,  and make i t  more n e g a t iv e  as  they a re  o x id iz e d .  
O x id iz ing  io n s  ten d  to  ta k e  e l e c t r o n s  from the  e le c t r o d e  and make i t  
more p o s i t i v e  as  they  a re  reduced . When the  p o t e n t i a l  i s  measured 
a g a in s t  a  S .C .E . th e  p o t e n t i a l  o b ta in e d  i s  expressed  i n  terms o f  th e
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normal hydrogen e le c t ro d e  (H.H.E.) by th e  a d d i t io n  o f  244 m i l l i v o l t s  
a t  25°C. The v a lu e  thus  o b ta in ed  i s  d e s ig n a te d  as th e  o r redox 
p o t e n t i a l .
G i l l e s p ie  (1920) began th e  p io n ee r in g  work on s o i l  redox p o ten ­
t i a l s .  He s tu d ie d  th e  changes in  redox p o t e n t i a l s  w i th  time when 
s o i l s  were f looded  w i th  and w ith o u t  r e a d i ly  decomposeable o rg a n ic  
m a t t e r .  Lower s o i l  p o t e n t i a l s  v a lu e s  were c lo s e ly  a s s o c i a t e d  w ith  a 
d e f ic ie n c y  o f oxygen and in c re a se d  amounts o f  reduced  p ro d u c ts .  The 
r a t e  a t  which they  became h ig h ly  red u c in g  d i f f e r e d  among s o i l s .  I t  
was found t h a t  th e  a d d i t io n  o f  d e x tro se  favored  th e  development of 
re d u c in g  c o n d i t io n s .
Redox p o t e n t i a l  measurements on s o i l s  suspended in  w a te r ,  by 
W i l l i s  (1932), showed an in v e rse  l i n e a r  r e l a t i o n  between redox  p o ten ­
t i a l  and pH v a lu e .  E v id e n t ly ,  lim ing  d ec rease d  th e  redox  p o t e n t i a l  
o f  th e  f in e  sandy loam s o i l  s tu d ie d .  The change i n  p o t e n t i a l  per 
u n i t  change in  pH dE^/dpH, was found to  be -0 .060  v o l t s .  T h is  was 
in  good agreement w ith  the t h e o r e t i c a l  va lue  o f  -0 .0 5 9 1 ,  a t  25°C.
Redox p o t e n t i a l  measurements were suggested  as an i n d i c a to r  o f 
d ra in a g e  c o n d i t io n s  in  o rchard  s o i l s  by B a t j e r  (1933). For t h i s  
purpose  he proposed t h a t  the  s o i l  sample be shaken and allow ed to  
s ta n d  o v e rn ig h t  w ith  0 . 1  normal s u l f u r i c  a c id  b e fo re  m easuring  i t s  
p o t e n t i a l  u s in g  two b lack  p la tin u m  e le c t r o d e s  connected  by means o f 
a p o tass ium  c h lo r id e -a g a r  b r id g e  to  a S.C.E. I t  appeared  t h a t  good 
s o i l s  were norm ally  o x id iz in g  and t h a t  red u c in g  c o n d i t io n s  were an 
i n d i c a t i o n  of an "unhealthy"  s t a t e  of a f f a i r s  w herein  th e  more abundant 
c o n s t i t u e n t s  o f  the  s o i l ,  such as i r o n ,  manganese, s u l f u r ,  e t c . ,  
were reduced  to  a lower va lence  form. -v
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H ein tze  (1934) employed and recommended th e  use  o f  th e  g la s s  
e le c t r o d e  as a s a t i s f a c t o r y  r e fe r e n c e  e le c t r o d e  In  redox p o t e n t i a l  
measurements. So c lo s e ly  were redox  p o t e n t i a l s  dependent on th e  pH 
v a lu e  t h a t  he cons ide red  t h a t  fo r  c o n s ta n t  pH v a lu e s  h ig h ly  con­
t r a s t e d  s o i l  types  would g iv e  s im i la r  redox  p o t e n t i a l s .  H ein tze  
n o ted  a marked f a l l  i n  p o t e n t i a l  a f t e r  w a te r lo g g in g  s o i l s  in  th e  l a b ­
o ra to ry  fo r  one or two days, and he im p lied  t h a t  o rg an ic  m a t t e r ,  
capable  o f r a p id  decom position , a c c e le r a te d  t h i s  drop in  redox 
p o t e n t i a l .
The C ffe c t  of lim ing  suspensions  o f  a North C a ro lin a  p ea t  
s o i l  was to  reduce i t s  redox p o t e n t i a l ,  as  found by W i l l i s  (1934).
The s lope  o f th e  - pH cu rv e , (dE^/dpH), found i n  t h i s  s tudy was 
-0 .067 v o l t s  per pH u n i t .  He concluded from t h i s  experim ent t h a t  
a e ro b ic  or an aerob ic  co n d i t io n s  cannot be d e f in e d  by s o i l  p o t e n t i a l s .
B ra d f ie ld  e t  a l .  (1934) acco rd in g  to  S tu rg i s  (1936) found t h a t  
measurements o f redox p o t e n t i a l s ,  i n  su sp en s io n s  o f the  s o i l  in  0 . 1  
normal s u l f u r i c  a c id ,  promised to  be a more u s e fu l  index o f su b so i l  
d ra in ag e  over a longer  p e r io d  of tim e th a n  ground w ate r  o b s e rv a t io n s .  
Working w ith  o rchard  s o i l s  in  New York they  o b ta in e d  dEh/dpH va lu es  
o f  -0 .093  v o l t s  and -0 .100  v o l t s  per  pH u n i t  fo r  a reduced s o i l  h igh  
in  o rg an ic  m a t te r  and a w e l l  o x id iz e d  s o i l  r e s p e c t iv e ly .
Work on th e  redox p o t e n t i a l s  of b a c t e r i a l  suspens ions  was 
undertaken  by Yudkin (1935). He d isc o v e re d  t h a t  B a c t . c o l i  and B a c t . 
a lk a l ig e n e s . e i t h e r  a lone o r  in  th e  p resen ce  o f  s u c c in a te ,  showed a 
slow continuous f a l l  in  p o t e n t i a l  which never reached  a c o n s ta n t  
v a lu e .  The a d d i t io n  o f g lucose  and fo rm ate ,  however, induced more
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n e g a t iv e  p o t e n t i a l s ,  which i n  the  case  o f  B a c t . c o l i  soon reach ed  a 
minimum v a lu e .
Burrows and Cordon (1936) added v a r io u s  ty p es  o f  o rg a n ic  m a t te r  
to  New J e r s e y  s o i l s  in  an e f f o r t  to  throw some l i g h t  on th e  e f f e c t  
o f  i t s  decom position  and a t te n d a n t  m ic ro b ia l  a c t i v i t y  on th e  redox 
p o t e n t i a l .  F i r s t  they  exp la ined  t h a t  th e  observed  d i f f e r e n c e s  in  
redox  p o t e n t i a l s  r e s u l t i n g  from th e  a d d i t io n  o f  d i f f e r e n t  k in d s  of 
o rg a n ic  m a t te r  may have been the r e s u l t  of th e  a c t i v i t y  o f  a  d i f f e r e n t  
m ic ro b ia l  f l o r a .  Secondly, in d ic a t io n s  were t h a t  th e  ty p e  o f de- 
composeable o rg a n ic  m a t te r  p r e s e n t  in  the  s o i l  was a h ig h ly  Im portan t 
f a c t o r  in  th e  d e te rm in a tio n  of th e  degree of p r e v a i l in g  re d u c in g  
i n t e n s i t y .  These w orkers found t h a t  the  decom position  o f  c a s e in  
r e s u l t e d  i n  p o s i t i v e  p o t e n t i a l  l e v e l s  whereas th e  decom position  of 
c a rb o h y d ra te s  r e s u l t e d  in  n e g a t iv e  p o t e n t i a l s  which in  t u r n  d id  no t 
d i f f e r  from th o se  produced i n  s o i l  to  which no o rg a n ic  m a t te r  was 
added .
The marked f a l l  in  p o t e n t i a l ,  b rought about by th e  r a p id  
decom position  of o rg a n ic  m a t te r ,  was r e p o r te d  by D a rn e ll  and E isen -  
menger (1936). T h is  f a l l  was a t t r i b u t e d  to  oxygen d e p le t io n .  The 
e f f e c t  o f  added ammonium s u l f a t e  and sodium n i t r a t e  on th e  redox  
p o t e n t i a l s ,  o f  th e  sandy M assachusetts  s o i l  under i n v e s t i g a t i o n ,  was 
i n c o n s i s t a n t .  The in v e rse  r e l a t i o n s h i p  between pH and Eh was v e r i f i e d ,  
w i th  th e  dEh/dpH b e in g  -0 .054  v o l t s  per pH u n i t .
W i l l i s  (1936) p o in te d  o u t ,  from evidence of f i e l d  and p o t 
c u l t u r e  e x p e r im en ts ,  t h a t  redox i n t e n s i t i e s  e x i s t e d  in  a r a b le  s o i l s  
b u t  t h a t  th e s e  were n o t  m easurable by la b o ra to ry  methods then  in  u s e .
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I t  seemed im probable , excep t under  th e  extreme c o n d i t io n s  found in  
w a te r lo g g ed  or o th e rw ise  p o o r ly  a e r a te d  s o i l s ,  t h a t  t h i s  techn ique  
would be u s e fu l  in  a d i r e c t  p r a c t i c a l  sence.
The r e s u l t s  of S tu rg i s  (1936) show t h a t  th e  a d d i t io n  o f  o rg an ic  
m a t te r  to  f looded  L o u is ian a  s o i l s  markedly in c re a se d  th e  r e d u c t io n  
i n t e n s i t y  o f  the  s o i l .  F e rro u s  i r o n  and manganous manganese accumulated 
in  the s o i l  as a r e s u l t  of submergence. The g r e a t e s t  i n t e n s i t y  of 
r e d u c t io n ,  from added o rg a n ic  m a t t e r ,  was more pronounced during  th e  
f i r s t  th re e  weeks fo llo w in g  f lo o d in g .  I t  appeared  t h a t  reduc ing  
c o n d i t io n s  developed because  o f  th e  r a p id  removal o f  oxygen from th e  
s o i l  a i r  o r  from o x ides  in  th e  s o i l .  The growth o f  r i c e  was u n r e la te d  
to  Eh* There was n o t  th e  c lo s e  r e l a t i o n s h i p  between Eh and pH, 
p re v io u s ly  r e p o r te d ,  s in c e  th e  pH of th e  s o i l  v a r ie d  l i t t l e  r e l a t i v e  
to  th e  la rg e  v a r i a t i o n s  in  Eh.
Stephenson e t  a l .  (1938), in  a  s tudy  o f redox p o t e n t i a l s  in  
Oregon o rch ard  s o i l s ,  found t h a t  th e r e  was l i t t l e  v a r i a t i o n  in  redox 
p o t e n t i a l  among d i f f e r e n t  s o i l  ty p e s ,  under f i e l d  c o n d i t io n s ,  when 
th e  samples were suspended i n  0 . 1  normal s u l f u r i c  a c id  p r io r  to  t h i s  
d e te rm in a tio n .  L ikew ise , d i f f e r e n t  h o r iz o n s  showed l i t t l e  v a r i a t i o n  
in  redox p o t e n t i a l .  I n s o f a r  as o rg a n ic  m a t te r  was concerned, t h i s  
only  caused a f a l l  i n  p o t e n t i a l  under w ate rlogged  c o n d i t io n s .  I t  
was then  concluded from t h i s  experim ent t h a t  redox p o t e n t i a l  was n o t  
a  dependable i n d i c a t i o n  of a n a e ro b ic  c o n d i t io n s  in  the  s o i l .  The 
dEh/dpH fo r  a c lay  loam s o i l  s tu d ie d  was -0 .080  v o l t s  per pH u n i t .
P e a r s a l l  (1938), in  th e  cou rse  o f  a s tudy  o f  th e  s o i l  complex 
in  r e l a t i o n  to  p la n t  com m unities, n o ted  t h a t  s o i l s  co n ta in in g  n i t r a t e
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had p o t e n t i a l s  exceed ing  +350 m i l l i v o l t s  a t  pH 5. I t  i s  a l s o  
i n t e r e s t i n g  to  n o te  t h a t  Ponnamperuma (1955) c i t e s  Aoki (1940), i n  
Ja p a n ,  as h av ing  n o ted  a r i s e  in  p o t e n t i a l  on the  a d d i t io n  o f  n i t r a t e  
to  a reduced  s o i l .
Volk (1938) r e p o r te d  t h a t  in  132 Alabama s o i l s  v a r io u s  s o i l  
ty p es  had d i f f e r e n t  Eh v a lu e s  b u t the  d i f f e r e n c e s  seldom exceeded 50 
m i l l i v o l t s .  He contended t h a t  th e se  sm all d i f f e r e n c e s  were due 
l a r g e ly  to  v a r i a t i o n s  i n  k inds  and r a t i o s  o f  ions p re se n t  r a t h e r  
th an  to  th e  r a t i o  o f  reduced  to  o x id ized  phases .  Because o f  t h i s  he 
d id  n o t  c o n s id e r  th e  Eh o f th e  s o i l  a r e l i a b l e  index o f  th e  s t a t e  of 
o x id a t io n  o r  r e d u c t io n  in  s o i l s .  I t  was concluded t h a t  v a r i a t i o n s  
in  redox  p o t e n t i a l  bo re  no d i r e c t  r e l a t i o n  to  p la n t  growth. I t  was 
n o ted  t h a t  s o i l  m o is tu re  was a very  im portan t f a c to r  in  Eh- An 
i n i t i a l  in c r e a s e  in  s o i l  Eh, fo llow ing  a r a i n ,  was b e l ie v e d  caused  
by th e  o x id a t io n  o f  reduced compounds in  th e  s o i l  through th e  a c t io n  
o f  oxygen d is s o lv e d  in  th e  r a in -w a te r .  The f u r th e r  a d d i t io n  o f  m ois­
tu r e  caused  in c re a se d  b a c t e r i a l  a c t i v i t y  which r e s u l t e d  in  a d e p le ­
t i o n  o f  oxygen and consequed^ re d u c t io n  in  Eh. The average dEh/dpH 
was -0 .067  v o l t s  per  pH u n i t .
P u r i  and Sarup (1938), working w ith  Ind ian  s o i l s  which had 
p re v io u s ly  been leach ed  w ith  a c id ,  ob ta in ed  a mean v a lu e  f o r  dEh/dpH 
o f  -0 .0 5 3  v o l t s  per  pH u n i t .  The r e l a t i o n s h i p  between pH and Eh was 
so p e r f e c t  t h a t  they  contended t h a t  the  measurement o f  pH should  
s u f f i c e  f o r  a l l  p r a c t i c a l  pu rp o ses .  These workers suggested  t h a t  
th e  u n iv e r s a l  p resen ce  o f  i r o n  in  a l l  s o i l s  makes th e  in o rg a n ic  Fe+3 - 
Fe+ 2  system  th e  p r in c ip a l  one fo r  i n t e r p r e t i n g  p o t e n t i a l s  t h e r e i n ,
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a lth o u g h  o th e r  systems can p a r t i c ip a t e ,  ex . S0 4 - ^ - SO3 - 2 , MNO2  -
Mn*+ , and N03“ - NO2 .
C a lca reous  s o i l s  c o n ta in  an exceed ing ly  a c t iv e  m ic ro f lo r a  and 
th e  decom position  o f  o rg an ic  m a t te r  proceeds very  r a p i d ly .  Because 
o f  t h i s ,  Buehrer e t  a l .  (1939) s e t  ou t to  s tu d y  th e  redox  p o t e n t i a l s  
o f  such s o i l s  w ith  r e s p e c t  to  o rg a n ic  m a tte r^ d ec o m p o s it io n ,  p u d d lin g ,  
and Eh - pH r e l a t i o n s h i p s .  T he ir  f in d in g s  were t h a t  pudd ling  caused 
a marked d e c re a se  in  the  redox p o t e n t i a l ,  p a r t i c u l a r l y  when th e  s o i l  
had been t r e a t e d  w ith  1 .0  per c e n t  a l f a l f a ,  and th e  dEh/dpH was 
found to  be -0 .068  v o l t s  per pH u n i t .
Redox p o t e n t i a l  measurements in  s i t u , made by Q uispel (1947), 
i n  H o lland , showed t h a t  i t  was p o s s ib le  to  d e f in e  th e  a e ro b ic  and 
an a e ro b ic  c h a r a c te r  in  terms o f  the  p o t e n t i a l .  The p o t e n t i a l s  
observed  i n  h ig h ly  reduced innundated  s o i l s  had th e  v a lu e  o f Eh *
+ -200 to  -250 m i l l i v o l t s .  He assumed t h a t  th e  v a lu e  o f  -250 
m i l l i v o l t s  was th e  apparen t r e d u c t io n  p o t e n t i a l  o f  c e r t a i n  h ig h ly  
re d u c in g  su b s tan ces  in  the  s o i l  under s t r i c t l y  an aero b ic  c o n d i t io n s .  
T h is  a p p a ren t  r e d u c t io n  p o t e n t i a l  was very u n s ta b le  as s l i g h t  a e r a ­
t i o n  was s u f f i c i e n t  to  g ive  r i s e  to  h ig h e r  p o t e n t i a l s .  These low 
p o t e n t i a l s  were found under s t r i c t l y  a n a e ro b ic  c o n d i t io n s .  He 
concluded t h a t  th e  degree of a e r a t io n  was th e  main f a c to r  governing  
th e  redox  p o t e n t i a l  of a s o i l ,  and t h a t  t h e  c o n c e n t r a t io n  o f red u c in g  
su b s ta n c e s  was very  im portan t too .
P e a r s a l l  (1950) contended t h a t  by m easuring th e  redox  p o t e n t i a l  
in  m o is t  s o i l s  one may g e t  an i n d i c a t i o n  o f  th e  e f f e c t i v e  oxygen 
c o n c e n t r a t io n s .  For in s ta n c e ,  w e ll  a e r a te d  s o i l s  have p o t e n t i a l s
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o f  above +500 m i l l i v o l t s ,  w h ile  fo r  w a te r lo g g e d  s o i l s  the p o t e n t i a l
would be below +300 m i l l i v o l t s ,  b o th  v a lu e s  c o r re c te d  to pH 5 .0 .
The r e s u l t s  o f  P ie rc e  (1953) showed a  c lo se  c o r r e la t io n  
between redox p o t e n t i a l ,  d i s s o lv e d  oxygen and pH. His f ig u r e s  f o r  
t r a n s e c t s  a t  18 in ch es  fo r  a p e a t  bog s u p p o r t in g  spruce, w h ich  a r e  
t y p i c a l ,  a r e  g iven below.
Redox p o te n t i a l  (m .v .)  -107 - 251 -262 - 213 - 207 - 204 -1 7 1  -185 - 90
D isso lved  O2  (ppm) 3.7 0 .2  0 .0  0 .1  0 .4  0.7 2 . 5  1 . 3  3 .7
R ea c tio n ,  pH 6 .3  6 .1  4 .6  4 .0  4 .1  4.1 4 . 3  5 .5  5 .9
Working w ith  c o n t r o l l e d  s o i l  red o x  p o t e n t i a l s  P a t r ic k  (1960) 
found a v e ry  c lo se  r e l a t i o n s h i p  between pH and Eh. The pH in c re a se d  
from 4 .6  to  7.0  w h ile  th e  Eh d e c re a se d  from +500 m i l l iv o l t s  to -1O0 
m i l l i v o l t s .  The Eh/pH s lo p e  o b ta in e d  was -0 .2 3  v o l t s  per pH u n i t .
The s tudy o f  redox p o t e n t i a l s  begun by G il le sp ie  (1920) i s  
seen  to  have co n tinued  s p o r a d ic a l ly  to  th e  p r e s e n t  date, a n d  in 
f a c t ,  r e l a t i v e l y  l i t t l e  p ro g re s s  has been  made. Much of t h e  p e r t in e n t  
r e s e a r c h  was conducted in  th e  e a r l y  1 9 3 0 's .  Today the measurement 
o f  redox p o t e n t i a l  i s  commonly p r a c t i c e d  i n  th e  research o f  flooded  
s o i l s  and, accord ing  to  Yamane (1957),  Eh v a lu e s  a re  customary u s e d  
to  show th e  degree o f  r e d u c t io n  in  Jap an ese  paddy so ils .
Aomine (1962) has rev iew ed  th e  l i t e r a t u r e  pert inen t t o  v a r io u s  
a s p e c ts  o f  redox p o t e n t i a l  o f  paddy s o i l s  p a r t i c u l a r l y  th o s e  r e l a t i n g  
i t  to  the  re d u c t io n  o f  n i t r a t e  n i t r o g e n  to  n itrogenous  g a s e s ,  manganic 
manganese to  manganous manganese, f e r r i c  i r o n  to  ferrous i r o n  and 
s u l f a t e  s u l f u r  to  s u l f i d e  s u l f u r .  He n o te d  t h a t  the  redox p o t e n t i a l
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o f  th e  plowed l a y e r  (Ap h o r iz o n )  o f  paddy s o i l s  r a p id ly  drops to  
below +300 m i l l i v o l t s ,  a t  pH 6 , a f t e r  w a te r lo g g in g ,  th e reb y  re d u c in g  
the  above system s. Upon d ra in a g e ,  th e  reduced su rfa c e  s o i l s  a re  r e -  
ox ld lzed  and a t t a i n  a  p o t e n t i a l  g r e a te r  than  +300 m i l l i v o l t s .  
C h a r a c t e r i s t i c  o f  th e  B h o r iz o n  o f th e se  s o i l s  I s  t h a t  w a te r lo g g in g  
only  a f f e c t s  th e  redox  p o t e n t i a l  s l i g h t l y  because i t  rem ains o x id iz e d  
throughout th e  y e a r .
Gas P ro d u c t io n .
Most g ases  from submerged s o i l s  owe t h e i r  o r ig in  to  an aero b ic  
t ra n s fo rm a t ip n s .  Under an aero b ic  c o n d i t io n s  o rg an ic  m a t e r i a l s ,  as a 
whole, decompose much more slow ly th an  under a e ro b ic  c o n d i t io n s .
The an aero b ic  p ro c e s s  o f  decom position i s  c h a ra c te r iz e d  by the forma­
t io n  o f v a r io u s  o rg a n ic  a c id s ,  com bustib le  gases and o th e r  i n t e r ­
m ediate  p ro d u c ts ,  w h i le  under a e ro b ic  c o n d i t io n s ,  th e  in te rm e d ia te  
p ro d u c ts ,  i f  any, a r e  q u ic k ly  o x id iz e d  to  carbon d io x id e  and w a te r .
The n o ta b le  i n v e s t i g a t i o n s  o f  H arr iso n  and A iy e r ,  in  I n d ia ,  
began to  c l a r i f y  th e  main f e a tu r e s  o f  th e se  gaseous t ra n s fo rm a t io n s .
H a rr iso n  and A iyer (1913) determ ined th e  com position o f a la rg e  
number o f  gas samples from r i c e  paddy f i e l d s .  They found t h a t  the  
gas d is lo d g ed  by poking  th e  s o i l  in  a submerged and r e c e n t ly  t r a n s ­
p la n te d  r i c e  f i e l d  c o n s is te d  m ainly  o f methane, w ith  sm a lle r  amounts 
o f  n i t r o g e n ,  t o g e th e r  w i th  some carbon d io x id e  and hydrogen. H a rr iso n  
and Aiyer (1915) f u r t h e r  n o ted  t h a t  th e  su r fa c e  o f  the  s o i l  im m ediately  
in  c o n ta c t  w ith  th e  i r r i g a t i o n  w ate r  was covered w ith  a lg a e  and 
b a c t e r i a  which p o sse s se d  th e  power to  o x id iz e  methane and hydrogen 
to  carbon d io x id e  and w a te r  r e s p e c t i v e l y .  H arr iso n  and Aiyer (1916)
51
s t a t e d  t h a t  a  very  c o n s id e ra b le  p ro p o r t io n  o f  th e  gaseous n i t ro g e n  
found In  swamp paddy s o i l s  was produced th rough  th e  decom position  o f  
o rg a n ic  m a t te r .  H arr iso n  (1920) observed  t h a t  th e  p ro p o r t io n  o f 
hydrogen, as  a c o n s t i tu e n t  i n  paddy s o i l  g a s e s ,  v a r i e s  from zero  to  
12 p e r  c e n t ,  w i th  v a lu e s  g e n e ra l ly  l e s s  th an  3 per  c e n t .  The p ro p o r­
t i o n  o f  carbon d io x id e  a lso  v a r i e d  from 2 to  20  p e r  c e n t ,  w i th  an 
average  of 5 per c e n t .  He concluded t h a t  th e  absence o f  carbon 
d io x id e  and hydrogen from paddy s o i l  gases  was accounted  fo r  by 
b a c t e r i a l  r e d u c t io n  o f  carbon d io x id e  by hydrogen, t h e r e f o r e ,  t h a t  
was why carbon d io x id e  and hydrogen could  n o t  p e r s i s t  i n  a s s o c ia t io n  
in  paddy s o i l s .  A iyer (1920) i d e n t i f i e d  B. f lu o re s c e n s  l i q u i f a c i e n s  
as  th e  bac te r iu m  re sp o n s ib le  fo r  th e  o x id a t io n  o f  methane a t  the  
s u r f a c e  o f  th e  swamp paddy s o i l s .
When Subramanyan (1929) added g lu co se  to  w a te r lo g g ed  s o i l s  he 
observed  t h a t  a t  the  end of 24 hours  th e  s o i l s  developed a c h a r a c te r ­
i s t i c  odo r,  and t h a t  they were f ro th y  w ith  carbon d io x id e .  He n o ted  
th e  fo rm ation  o f  l a c t i c ,  a c e t i c ,  and b u t y r i c  a c id s .  In  th e  decomposi­
t i o n  o f  g lucose  th e  l a c t i c  a c id  was th e  f i r s t  formed and a f t e r  the  
t h i r d  day t h i s  r e a d i l y  decomposed form ing a c e t i c  and b u ty r i c  a c id s .
Boruff  and Buswell (1929, 1930) a lm ost o b ta in e d  th e  t h e o r e t i c a l  
r a t i o  o f  one to  one f o r  carbon d io x id e  to  methane in  t h e  an aerob ic  
b a c t e r i a l  decom position of b io lo g i c a l  w as te  m a t e r i a l .  The simple&t 
e q u a t io n  fo r  c e l l u l o s e  decom position they  s t a t e d  to  be as fo llow s:
c6 H10 °5 + H2O  ____ > 3C02 + 3CH4
Small amounts o f  hydrogen and n i t ro g e n  (3 to  5 per  cen t)  were a lso  
produced.
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The unusual appearance o f  carbon monoxide (CO) was r e p o r te d  by 
Robinson (1930). The o b s e rv a t io n s  o f  H a rr iso n  and A iy e r ,  i n  I n d ia ,  
were a lso  confirmed w ith  r e s p e c t  to  th e  d isap p earan ce  of hydrogen 
and the  form ation  o f  la rg e  q u a n t i t i e s  o f  n i t r o g e n  in  submerged s o i l s  
where b lu e -g re e n  a lg ae  (Chlamydomonas group) were p r e s e n t .  Robinson 
p b ln te d  ou t th a t  i n  ca ses  where th e  s o i l  i s  long  submerged the  
an aero b ic  decom position o f  p ro te in a c e o u s  m a t e r i a l ,  i n  some c a s e s ,  
produced sm all q u a n t i t i e s  o f  hydrogen s u l f i d e  and m ercap tans .
Acharya (1935a) su g g es ted  t h a t  th e  a n ae ro b ic  decom position of 
r i c e  s traw  proceeded in  two d i s t i n c t  s t a g e s .  F i r s t l y ,  t h e r e  was the  
fo rm ation  o f o rg an ic  a c id s  such as a c e t i c  and b u ty r i c  a c id s  which 
were transform ed from l a c t i c  a c id .  Secondly , th e r e  was th e  convers ion  
o f  th ese  ac id s  in to  gaseous e n d -p ro d u c ts  such as methane and carbon 
d io x id e .  With r e s p e c t  to  th e  f a c t o r s  in f lu e n c in g  th e  an aero b ic  
decom position o f r i c e  s traw  Acharya (1935b) found t h a t :
(a) 30 - 35°C was optimum.
(b) The p re l im in a ry  a c id  fo rm atio n  was q u i t e  t o l e r a n t  to  pH 
changes, w h ile  gas fo rm atio n  was impeded above a pH of 
7 .5  - 8 . 0 .
(c) The organisms r e s p o n s ib le  f o r  an a e ro b ic  decom position were 
p re se n t  in  t h e  s traw  i t s e l f .
(d) F in e ly  ground s traw  was n o t  more q u ic k ly  decomposed than  
unground s traw .
(e) The amounts o f  carbon  d io x id e  and methane produced were 
approxim ate ly  e q u a l .
Acharya (1935c) f u r th e r  dem onstra ted  t h a t  th e  r e l a t i v e  r a t e s  o f
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decom position o f  r i c e  s traw  i n  d e c re a s in g  o rder  were: a e r o b ic ,
w a te r lo g g ed ,  and com ple te ly  an ae ro b ic .
S i r c a r  e t  a l .  (1940) working w ith  r i c e  s traw  confirm ed th e  
f in d in g s  o f Acharya i n  t h a t  decom position  under w a te r logged  c o n d i t io n s  
showed an in te rm e d ia te  b eh av io r  between th e  an a e ro b ic  p ro c e ss  o f  de­
com position  and th e  a e ro b ic  p ro c e s s .
By u s in g  th e  i n f r a - r e d  sp ec tro m ete r  Arnold (1954) dem onstra ted  
t h a t  s o i l s  which were approaching  s a tu r a t i o n  w ith  m o is tu re  r a p i d ly  
r e l e a s e d  la rg e  amounts o f  t h e i r  a v a i l a b le  n i t ro g e n  as  n i t r o u s  ox ide .
At lower m o is tu re  c o n te n ts  very  slow e v o lu t io n  o f t h i s  gas took  p la c e .
Using th e  mass sp ec tro m e te r  fo r  gas a n a ly s is  N a j ja r  and A llen  
(1954) s tu d ie d  d e n i t r i f i c a t i o n  by Pseudomonas s t u t z e r i  and B a c i l lu s  
s u b t i l i s . and th ey  found t h a t  they  reduced  n i t r i t e  to  a m ix tu re  o f  
n i t ro g e n  g as ,  n i t r o u s  ox ide  and n i t r i c  ox ide .
While s tu d y in g  n i t r a t e  r e d u c t io n  and d e n i t r i f i c a t i o n  in  f looded  
s o i l s ,  Yamane (1957), i n  Japan , was unab le  to  f in d  e i t h e r  methane 
or hydrogen a f t e r  fo u r  weeks. N itrogen  evolved w i th in  one week 
a t t a i n i n g  maximum e v o lu t io n  in  two weeks tim e.
Alexander (1961) e x p la in e d  t h a t  th e  fo rm ation  o f  methane in  
w ate rlogged  s o i l s  r e s u l t e d  from th e  an aero b ic  decom position o f  o rg a n ic  
m a t te r  by a  s p e c i a l i z e d  p h y s io lo g ic a l  group o f  b a c t e r i a .  These b a c t e r i a  
a re  s t r i c t  an ae ro b es ,  d i f f e r  markedly m o rp h o lo g ic a l ly ,  and only  m eta­
b o l i z e  s h o r t - c h a in ,  f a t t y  a c id s  ( fo rm ic ,  a c e t i c ,  and b u ty r i c  e t c . ) ,  
and sim ple a lc o h o ls  (methanol and e th a n o l)  as o rg a n ic  s u b s t r a t e s .  He 
r e i t e r a t e d  th e  f in d in g s  o f  o th e r s  i n  t h a t  methane p ro d u c t io n  r e q u i r e s  
two or more m ic ro b ia l  g ro u p s . One group forms o rg a n ic  a c id s  and
a lc o h o l 8 from c o n v en tio n a l  ca rb o h y d ra tes  and amino a c id s  and the  
methane form ing group o f  b a c t e r i a  ferm ent th e  o rg an ic  a c id s  and 
a lc o h o ls  i n to  m ethane. Even though a v a r i e t y  o f  r e a c t i o n s  le a d  to  
methane e v o lu t io n  under w aterlogged  c o n d i t io n s  th e  most common i s  
th e  r e d u c t io n  o f  carbon d io x id e . The b a s ic  r e a c t i o n  may be w r i t t e n  
as fo llo w s :
4H2R + C02 ____ > 4R + CH4  +  2H20
The su b s ta n c e  d e s ig n a te d  as H2R i s  u s u a l ly  o rg a n ic  such as a  f a t t y  
a c id  o r  an a lc o h o l .  I t  can be shown t h a t  should  the  carbon  d io x id e  
be l a b e l l e d  w i th  i s o to p i c  carbon th e  methane evolved  w i l l  a l s o  be 
l a b e l l e d  w ith  th e  same i s o to p ic  carbon.
M ethane-form ing b a c t e r i a  belong to  the  fam ily  M eth a n o b ac te r iacea e .
EXPERIMENTAL 
MATERIALS AND METHODS
Tw enty-six  L o u is ian a  s o i l s  were used  i n  t h i s  i n v e s t i g a t i o n .
A l l  s o i l  samples were taken  from th e  plow la y e r .  Table  1 g iv es  some 
g e n e ra l  in fo rm a tio n  on th e  s i t e s  from which th e  samples were ta k e n .
A com posite sample was taken  from an a r e a  approx im ate ly  20 f e e t  in  
d ia m e te r .  These samples were thorough ly  mixed b e fo re  be ing  used .
The s o i l s  were a i r - d r i e d  and passed  through a  32-mesh s ie v e .  The 
s o i l  p r o p e r t i e s  t h a t  were p e r t in e n t  to  t h i s  i n v e s t i g a t i o n  a re  shown 
i n  Table 2.
In  the  n i t r a t e ,  ammonia, i r o n ,  phosphorus, manganese, pH, 
c o n d u c t iv i ty  and Eh experim ents  o rg an ic  m a t te r  was a p p l ie d  as a 
s e p a ra te  t re a tm e n t  in  th e  form of ground corn  le a v e s .  The r a t e  o f  
a p p l i c a t io n  was 0 .25  per cen t  on an a i r - d r y  b a s i s .
P a r t i c l e  S ize  D i s t r i b u t io n  A n a ly s is .
The method o f  a n a ly s is  was th e  hydrometer method proposed by 
Day (1956).
P r io r  to  a n a ly s is  the  s o i l  samples were p rep ared  as fo llo w s :  
D u p lica te  40-gram samples were weighed out i n to  600 m i l l i l i t e r  
b e a k e rs .  One-hundred m i l l i l i t e r s  o f d i s t i l l e d  w a te r  was added to  
each sample. The pH was a d ju s te d  w ith  one normal h y d ro c h lo r ic  a c id  
to  3 .5  to  4 .0 .  T h ir ty  per cen t hydrogen perox ide  was added to  th e  
samples p laced  on a h o t - p l a t e ,  a t  60°C, to  o x id iz e  th e  o rg a n ic  m a t te r .  
Any excess  hydrogen perox ide  was decomposed by f u r t h e r  h e a t in g .
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Table 1. General information on sites from which .samples were taken.
No. S o i l P a r is h Crop Croppine System
1 Commerce Tensas C otton Cotton  w i th  w in te r  crop
2 Mhoon Tensas Soybeans C o tton , soybeans, corn
3 Commerce Tensas Cotton Cotton
4 Mhoon Tensas Corn C otton , soybeans, corn
5 Sharkey Tensas Soybeans Soybeans, c o t to n
6 R ich land
(Loring)
F ra n k l in C otton Cotton
7 O l iv ie r F ra n k l in C otton C o tton , corn
8 L in to n ia
(Memphis)
F ra n k l in Corn C otton , corn
9 G a ll io n Caldw ell Soybeans C o tton , soybeans
10 Yahola Rapides Sugarcane Sugarcane, c o t to n
1 1 M il le r B o ss ie r Cotton C o tton , soybeans, corn
1 2 Yahola B o ss ie r Cotton C otton , soybeans, corn
13 Yahola B o ss ie r Cotton C otton , soybeans, corn
14 Sharkey E. Baton Rouge Sugarcane Sugarcane, soybeans
15 Sharkey* E . Baton Rouge Fallow Sugarcane
16 Sharkey* E . Baton Rouge Fallow Sugarcane
17 Sharkey* E. Baton Rouge Fallow Sugarcane
18 Crowley Acadia Sudan g ra s s R ic e ,  p a s tu r e
19 Baldwin S t .  Mary Sugarcane Sugarcane
20 Mhoon Lafourche Sugarcane Sugarcane
21 Baldwin S t .  Mary Sugarcane Sugarcane
2 2 Baldwin S t .  Mary Sugarcane Sugarcane
23 Midland Acadia R ice R ic e ,  p a s tu r e
24 R ich land
(Loring)
L a fa y e t te Sugarcane Sugarcane, soybeans
25 Commerce W. Baton Rouge Sugarcane Sugarcane, soybeans
26 I b e r i a S t .  Mary Sugarcane Sugarcane
*Formerly c l a s s i f i e d  as Mhoon




S i l t
7.
Clay
7, T ex tu re
P a r t i c l e
D ensity
1 Commerce 43.5 42.5 14.0 Loam 2.65
2 Mhoon 4 .9 51.7 4 3 .4 S i l t y  c la y 2.65
3 Commerce 43 .9 40 .8 15.3 Loam 2.64
4 Mhoon 9 .8 53 .3 36.9 S i l t y  c la y  loam 2.65
5 Sharkey 1.9 22.7 75 .4 Clay 2.61
6 R ich land 2 . 6 78.3 19.1 S i l t  loam 2.62
7 O l iv ie r 3 .9 75.7 20.4 S i l t  loam 2.64
8 L in to n ia 7.7 66.7 25.6 S i l t  loam 2.67
9 G a ll io n 20 .3 68 .3 11.4 S i l t  loam ' 2.60
10 Yahola 32.6 49 .6 17.8 S i l t  loam 2.64
11 M ille r 6 .3 47 .2 46.5 S i l t y  c la y 2.61
1 2 Yahola 61.8 26.8 11.4 Sandy loam 2.64
13 Yahola 26.7 47 .0 26.3 Loam 2.64
14 Sharkey 25.0 39.4 35.6 Clay loam 2.67
15 Sharkey 74.7 13.8 11.5 Sandy loam 2.65
16 Sharkey 2 . 8 56.0 41 .2 S i l t y  c la y 2.65
17 Sharkey 41 .2 48 .3 10.5 Loam 2.65
18 Crowley 1 0 . 2 73.1 16.7 S i l t  loam 2.64
19 Baldwin 1 2 . 6 58.7 28.7 S i l t y  c la y  loam 2 . 6 6
2 0 Mhoon 3.5 62.0 34.5 S i l t y  c la y  loam 2 . 6 8
21 Baldwin 1 2 . 8 51 .4 35.8 S i l t y  c la y  loam 2.62
2 2 Baldwin 2.5 63.1 34.4 S i l t y  c la y  loam 2.63
23 Midland 3.4 58.6 38.0 S i l t y  c la y  loam 2.64
24 R ich land 1 . 8 82.7 15.5 S i l t  loam 2.59
25 Commerce 52.7 38.3 9 .0 Sandy loam 2.64
26 I b e r i a 0 .4 25.9 73.7 Clay 2.71
^Determined im m ediately a f t e r  f lo o d in g
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A fte r  c o o lin g  th e  samples from th e  h o t p l a t e  they  were t r a n s ­
f e r r e d  in to  c e n t r i f u g e  tu b e s .  The c e n t r i fu g e  was run  a t  1500 r e ­
v o lu t io n s  per  m inute  fo r  f iv e  m in u tes .  At th e  end o f  th e  c e n t r i fu g in g  
p e r io d  th e  s u p e rn a ta n t  was decan ted  and d isc a rd e d .  The s o i l  was 
f u r th e r  washed w ith  95 per  c e n t  e th y l  a lco h o l  u n t i l  found f r e e  o f 
c h lo r id e s  as  t e s t e d  by adding a few drops o f 0 . 1  normal s i l v e r  
n i t r a t e .
One o f th e  c h l o r id e - f r e e  samples was t r a n s f e r r e d  in to  a t a r e d  
beaker and d r ie d  in  an oven a t  105°C u n t i l  a co n s ta n t  w eigh t was 
o b ta in e d .  The o th e r  c h l o r id e - f r e e  sample was t r a n s f e r r e d  i n to  a 600 
m i l l i l i t e r  beaker  and 50 m i l l i l i t e r s  o f d is p e r s in g  agent (10 per cen t 
Calgon) was added. A f te r  d i l u t i n g  to  approxim ate ly  300 m i l l i l i t e r s  
w ith  d i s t i l l e d  w a te r  th e  sample was q u a n t i t a t i v e l y  t r a n s f e r r e d  to  a 
d is p e r s in g  cup and mixed fo r  f iv e  m inutes  w ith  a motor m ixer. F i n a l l y ,  
t h i s  was t r a n s f e r r e d  to  a 1 0 0 0  m i l l i l i t e r  g radua ted  c y c l in d e r  and 
b rough t to  volume w i th  d i s t i l l e d  w a te r .
The t e x t u r a l  names o f  th e  s o i l s  were determ ined on th e  b a s i s  of 
th e  p a r t i c l e  s iz e  d i s t r i b u t i o n  a n a ly s is  u s in g  th e  scheme proposed in  
S o i l  Survey Manual, Handbook No. 18, U.S.D.A.
P a r t i c l e  D ensity
Approximately 100-150 grams o f  s o i l  were t r a n s f e r r e d  i n to  a 
c le a n ,  t a r e d  250 m i l l i l i t e r  v o lu m e tr ic  f l a s k .  The f l a s k  was p laced  
in  an oven a t  105°C and d r ie d  u n t i l  a c o n s ta n t  weight was a t t a i n e d .  
S u f f i c i e n t  d i s t i l l e d  w ater  was added to  b r in g  the  t o t a l  volume o f 
s o i l  p lu s  w a te r  to  about 200 m i l l i l i t e r s .  The f la s k  was subsequen tly  
p laced  in  an oven a t  105°C u n t i l  t h e  s o i l  tem pera tu re  reached
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90-100°C. The f l a s k  was removed, allowed to  cool j u s t  long enough 
so t h a t  i t  cou ld  be h and led , and a t tach ed  to  a vacuum l i n e .  By 
red u c in g  th e  p r e s s u re  In  th e  f l a s k  th e  a i r  could  be b o i le d  ou t o f  
th e  s a tu r a t e d  s o i l .  A f te r  b o i l i n g  fo r  f iv e  to  t e n  minlites under 
t h i s  reduced  p r e s s u re  th e  f l a s k  was s toppered  and allowed to  cool 
to  room te m p e ra tu re .  F i n a l l y ,  th e  f l a s k  was f i l l e d  to  mark w ith  
d i s t i l l e d  w a te r ,  weighed, and p a r t i c l e  d e n s i ty  c a lc u la te d .
P a r t i c l e  d e n s i ty  was c a lc u la te d  in  o rde r  to  c a lc u l a t e  th e  
volume of s o i l  i n  connec tion  w ith  th e  gas p ro d u c tio n  and d e n i t r i f i ­
c a t io n  ex p er im en ts .
Organic M atter
The dry combustion method was the  method used  fo r  t o t a l  o rg a n ic  
carbon c o n te n t .  Approximately two-gram s o i l  samples were i g n i t e d  in  
an e l e c t r i c  combustion fu rnace  a t  950°C fo r  ten  m inutes  in  an a d ju s te d  
flow o f  oxygen. The carbon d io x id e  produced in  the  combustion o f  the  
o rg a n ic  m a t te r  was absorbed  in  a tube f i l l e d  w i th  la y e r s  of g la s s  
wool and A s c a r i t e ,  and weighed g r a v im e t r i c a l l y . The o rg a n ic  m a t te r  
was e s t im a te d  from th e  o rg a n ic  carbon by m u lt ip ly in g  by the  f a c to r  
1 .724 , (Van Bemmelen f a c t o r ) .  This f a c to r  comes from th e  assum ption 
t h a t  the  o rg a n ic  m a t te r  o f  th e  average s o i l  c o n ta in s  58 per cen t 
carbon.
One-Third Atmosphere M oistu re  Percentage
The o n e - th i r d  atmosphere m o is tu re  p e rcen tag e  was determ ined 
by u s in g  th e  porous p l a t e  ap p a ra tu s  as proposed by R ichards  (1948).
The m o is tu re  r e t a i n e d  (dry  w eight b a s i s )  by the  s o i l  b rough t
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to  h y d r a u l ic  e q u i l ib r iu m  w ith  a permeable membrane a t  a s o i l  m o is tu re  
te n s io n  o£ o n e - th i r d  atmosphere was determ ined . This o n e - th i r d  
atm osphere m o is tu re  v a lu e  c lo s e ly  approxim ates the  m o is tu re  e q u i ­
v a l e n t  or f i e l d  c a p a c i ty  o f  most s o i l s  and was used in  co n nec tion  
w i th  a n i t r a t e  r e d u c t io n  experim ent.
N i t r a t e  R eduction
Two experim en ts  were undertaken  to  measure n i t r a t e  r e d u c t io n  
r a t e s  under s l i g h t l y  d i f f e r e n t  c o n d i t io n s .  The f i r s t  experim ent 
(Experiment I )  was des igned  to  q u a n t i t a t i v e l y  measure th e  r a t e  of 
n i t r a t e  n i t r o g e n  lo s s  from th e  s o i l s  as a r e s u l t  o f  f lo o d in g  a 
m o is t  s o i l  w i th  and w ith o u t  a d d i t io n a l  o rg a n ic  m a t te r .  The second 
n i t r a t e  r e d u c t io n  experim ent (Experiment I I )  was designed  to  
q u a l i t a t i v e l y  e s t im a te  th e  r a t e  of n i t r a t e  n i t ro g e n  lo s s  from 
s o i l s  as  a r e s u l t  o f  adding a n i t r a t e  s a l t  to  p re v io u s ly  f looded  
h ig h ly  reduced  s o i l s ,  w i th  and w ith o u t o rg a n ic  m a t te r  hav ing  p re ­
v io u s ly  been added.
Experiment I : E igh teen  f ive -g ram  a i r - d r y  s o i l  samples of
each s o i l  s tu d ie d  were weighed in to  15 x 125 m i l l im e te r  t e s t  tubes  
and th e n  w e t te d  w ith  d i s t i l l e d  w ate r  to  o n e - th i r d  atmosphere m ois­
tu r e  v a lu e s .  The samples were in cu b a ted  fo r  two weeks a t  30°C. 
N i t r a t e  n i t ro g e n  was then  added a t  th e  r a t e  o f  0.125 m il l ig ra m s  per  
f iv e  grams o f  a i r - d r y  s o i l  or approxim ate ly  250 p a r t s  p e r  m i l l i o n .  
This  was added by d i s s o lv in g  po tass ium  n i t r a t e  in  d i s t i l l e d  w ate r  
and f lo o d in g  th e  sample w ith  two m i l l i l i t e r s  of t h i s  s o lu t io n  u s in g  
a F i la m a t ic  v i a l  f i l l e r .  I t  was found n ecessa ry  a f t e r  th e  a d d i t io n
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of th e  n i t r a t e  s o lu t io n  to  p la c e  th e  tu b es  under vacuum in  a d e s ic ­
c a to r  to  d r iv e  out any a i r ,  th e reb y  w e t t in g  th e  e n t i r e  s o i l  mass.
The submerged s o i l s  were sampled a t  18 d i f f e r e n t  tim es du r in g  a 32- 
day in c u b a t io n  p e r io d .  A f te r  sampling they  were s to r e d  in  a f r e e z e r  
m a in ta in ed  a t  -20°C, u n t i l  th e  experim ent te rm in a te d ,  a t  which time 
a l l  o f  th e  samples were ana lyzed  fo r  n i t r a t e  n i t r o g e n .
Each t e s t  tube c o n ta in in g  th e  f ro z e n  sample was wrapped in  
aluminum f o i l ,  cracked  in  a v ic e  and t r a n s f e r r e d  q u a n i t a t i v e l y  to  a 
125 m i l l i l i t e r  Erlenmeyer f l a s k .  The n i t r a t e  ions  in  th e  samples 
were e x t r a c te d  by shaking fo r  30 m inutes on a m echanical shaker w ith  
30 m i l l i l i t e r s  o f  d i s t i l l e d  w ate r  in  th e  p re se n c e  o f  a sm all amount 
o f ca lc ium  hydrox ide . A liq u o ts  o f  t h i s  f i l t r a t e  were q u a n t i t a t i v e l y  
ana lyzed  fo r  n i t r a t e  u s in g  th e  p h e n o ld is u l fo n ic  a c id  t e s t .
Experiment I I . One hundred-gram samples o f  each o f  th e  s o i l s  
were f lo o d ed  in  35 x 200 m i l l im e te r  t e s t  tu b es  w i th  an equal volume 
o f w a te r .  A la y e r  o f  c l e a r  m in e ra l  o i l ,  app rox im a te ly  0 .5  c e n t i ­
m ete rs  t h i c k ,  was then  f lo a te d  on th e  s u r f a c e  in  o rd e r  to  keep 
oxygen from d i f f u s in g  in to  th e  su rfa c e  w a te r .  A f te r  37 days of 
submergence n i t r a t e  n i t ro g e n  was added to  each o f th e  samples a t  
th e  r a t e  o f  f iv e  m il l ig ra m s  per  1 0 0  grams o f  a i r - d r y  s o i l  or 
approx im ate ly  50 p a r t s  per m i l l i o n .  This was added in  th e  form of 
po tass ium  n i t r a t e  d is s o lv e d  in  f iv e  m i l l i l i t e r s  of d i s t i l l e d  w a te r .  
The samples were m a in ta ined  a t  a room te m p era tu re  o f  approx im ate ly  
25°C.
The samples fo r  n i t r a t e  a n a ly s is  were tak en  by in t ro d u c in g  a 
g la s s  tube  in to  the  s o i l  and w ithdraw ing some o f  th e  s o i l - w a te r
suspension . The samples were c e n t r i f u g e d  in  t e s t  tubes  w ith  a p inch  
o f  cdlcium hydrox ide . The s u p e rn a ta n t  l i q u i d  was q u a l i t a t i v e l y  
analyzed fo r  n i t r a t e  n i t r o g e n  by a  m o d i f ic a t io n  o f  th e  phenol- 
d i s u l f u r i c  ac id  method. In  t h i s  method two drops o f  th e  su p e rn a ta n t  
l iq u id  on a c le a n  p o rc e la in  s p o t  p l a t e  were ev apora ted  to  dryness in  
a d r a f t  oven. A drop o f  p h e n o ld i l s u l f o n ic  a c id  was added and mixed 
w ith  the  d r ie d  e x t r a c t ,  fo llow ed  by a drop o f  w a te r .  Ammonium hydro­
x ide  (1 /1 )  was employed t o  s h i f t  th e  pH to  th e  a lk a l in e  range where 
the  p resence  of n i t r a t e  produced a  y e llo w  c o lo r .  This t e s t  was ab le  
to  d e t e c t  n i t r a t e s  a t  c o n c e n t r a t io n s  as low as  one to  two p a r t s  per 
m i l l io n .  When two c o n secu tiv e  sam pling  days showed a n e g a tiv e  
n i t r a t e  r e a c t io n  the  r e d u c t io n  o f  n i t r a t e s  was co n s id e red  complete 
and f u r th e r  sampling was ceased . The r a t e  o f  n i t r a t e  r e d u c t io n  was 
e s tim a ted  by d iv id in g  th e  o r i g i n a l  n i t r a t e  c o n c e n tra t io n  by the  
number o f  days r e q u i r e d  t o  red u ce  th e  n i t r a t e .
Ammonia Accumulation
The p roduc tion  o f  ammonium n i t r a t e  under flooded  condi­
t io n s  was s tu d ie d  by f lo o d in g  d u p l i c a t e  f iv e -g ram  samples of a i r -  
dry s o i l  i n  15 x  125 m i l l im e te r  t e s t  tu b es  w ith  f iv e  m i l l i l i t e r s  o f  
d i s t i l l e d  w a te r .  The samples were in c u b a te d  fo r  30 days a t  30°C .at 
which time they Were sampled and k e p t  f ro z e n  a t  -20°C u n t i l  ana lyzed .
Each t e s t  tube c o n ta in in g  th e  f ro z e n  sample was wrapped in  
aluminum f o i l ,  cracked in  a v i c e  and t r a n s f e r r e d  q u a n t i t a t i v e l y  to  a 
125 m i l l i l i t e r  Erlenmeyer f l a s k .  The ammonium ions in  th e  samples 
were e x t r a c te d  by shaking fo r  30 m inu tes  on a m echanical shaker
63
w ith  30 m i l l i l i t e r s  o f  10 p e r  c e n t  sodium c h lo r id e  s o lu t i o n  o f  pH 
2 .5 .  A liq u o ts  o f  t h i s  f i l t r a t e  were q u a n t i t a t i v e l y  an a ly zed  fo r
ammonium n i t ro g e n  by th e  d i r e c t  n e s s l e r i z a t i o n  method recommended 
by The American P u b l ic  H ea lth  A sso c ia t io n  I n c . ,  (1946).
I ro n  Reduction
Changes in  f e r r i c  and f e r ro u s  i r o n  caused by submergence were 
s tu d ie d  in  an experim ent s im i la r  to  t h a t  used fo r  Ammonia A ccum ulation . 
The samples were in c u b a te d  fo r  30 days a t  30°C.
F e r r i c  and f e r r o u s  i r o n  were e x t r a c te d  by shaking fo r  20 m inutes  
on a m echanical shaker w i th  50 m i l l i l i t e r  of one normal sodium a c e t a t e  
s o lu t io n  o f  pH 2 .8 .  The i r o n  e x t r a c te d  was determ ined by th e  c o l o r i -  
m etric(?<,c< d ip y r id y l  method acco rd in g  to  the p rocedure  o f  Kumada 
and Asami (1958). Although t h i s  r e a c t io n  only in v o lv e s  f e r ro u s  i r o n ,  
f e r r i c  i r o n  could  be de term ined  by f i r s t  red u c in g  th e  f e r r i c  i r o n  to  
th e  f e r ro u s  i r o n  w ith  5 p e r  c e n t  hydroxylamiqe h y d ro c h lo r id e  and 
then  an a ly z in g  fo r  t o t a l  i r o n  and s u b t r a c t in g  the f e r ro u s  i ro n  c o n te n t .
E x t r a c ta b le  Phosphorus:
E x t r a c ta b le  phosphorus changes in  f looded  s o i l s  were s tu d ie d  
in  an experim ent s e t  up s im i la r  to  those  p re v io u s ly  d e sc r ib e d  fo r  
Ammonia Accumulation and I ro n  R ed u c tio n . The samples were in cu b a ted  
fo r  30 days a t  30°C.
The phosphorus in  th e  samples was e x t r a c te d  by shak ing  fo r  15 
m inutes on a m echanical shaker  w ith  1 0 0  m i l l i l i t e r s  o f  0 . 1  normal 
h y d ro c h lo r ic  a c id  and 0 .0 3  normal ammonium f lu o r id e  s o lu t io n .  A liq u o ts  
o f  t h i s  f i l t r a t e  were c o l o r im e t r i c a l l y  analyzed  fo r  phosphorus by
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th e  i n t e n s i t y  o f  c o lo r  o f  th e  molybdate b lue  complex formed by th e  
r e a c t i o n  o f  o r thophospha te  w ith  ammonium molybdate in  t h e  p resence  
o f  th e  re d u c in g  agen t s tannous c h lo r id e .  The a n a ly s is  o f  phosphorus 
was based  on th e  method o f  Dickman and Bray (1940) .
Manganese Reduction
The f i l t r a t e  o b ta in e d  in  the above I ro n  Reduction experim ent was 
used to  a n a ly ze  fo r  manganese as w e l l .
Manganese was determ ined by a m o d if ic a t io n  o f  the  method 
developed by Peech et, _al. (1947). A f i v e - m i l l i l i t e r  a l i q u o t  was 
p ip e t t e d  i n t o  a 50 m i l l i l i t e r  beaker and t h i s  was ev ap o ra ted  to  
dryness  i n  a steam b a th . .  Ten m i l l i l i t e r s  o f  c o n c e n tra te d  n i t r i c  
a c id  was added to  o x id iz e  th e  o rgan ic  m a tte r  and v o l a t i l i z e  th e  
c h lo r id e s  as hydrogen c h lo r id e .  The r e s id u e  was t r e a t e d  w ith  35 
m i l l i l i t e r s  o f  d i s t i l l e d  w a te r  and f iv e  m i l l i l i t e r s  of 85 per  cen t  
p h o sp h o ric  a c id  in  o rd e r  fo r  th e  l a t t e r  to  form a c o l o r l e s s  com­
p le x  w i th  f e r r i c  i r o n .  The manganese was u l t im a te ly  o x id iz e d  w ith  
0 .3  gram o f  sodium p e r io d a te  to  the co lo red  permanganate io n .  The 
cooled  s o lu t i o n  was t r a n s f e r r e d  to a 50 m i l l i l i t e r  v o lu m e tr ic  f l a s k ,  
made to  volume and re a d  on a F ish e r  e le c tro p h o to m e te r .
Changes i n  pH.
F i f t y  grams o f  a i r - d r y  s o i l  were flooded w ith  50 m i l l i l i t e r s  
w ate r  in  a  150 m i l l i l i t e r  beaker . The samples were k ep t  a t  a room 
tem p era tu re  o f  approxim ate ly  25°C. pH measurements were made a t  th e  
s t a r t  (30 m inutes a f t e r  f lood ing )  and a t  monthly i n t e r v a l s  fo r  fou r  
months.
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These d e te rm in a tio n s  were made w i th  a  Beckman Zerom atic pH 
m eter w i th  g la ss -c a lo m e l  e le c t r o d e s  which had been s ta n d a rd iz e d  a t
pH v a lu e s  o f 7 .0  and 5 .0 .
Changes i n  S p e c i f ic  C o n d u c t iv i ty .
S e v e n ty - f iv e  grams o f a i r - d r y  s o i l  were f looded  w ith  75 m i l l i ­
l i t e r s  d i s t i l l e d  w ater in  a 250 m i l l i l i t e r  Erlerimeyer f l a s k .  The 
samples were k ep t  a t  a room tem p era tu re  o f approx im ate ly  25°C. 
S p e c i f ic  c o n d u c t iv i ty  measurements were made a t  th e  s t a r t  (30 m inutes 
a f t e r  f lo o d in g )  and a f t e r  one month. S p e c i f ic  c o n d u c t iv i ty  was 
determ ined  in  a  s ta n d a rd  Bureau o f  S o i l s  s o i l  r e s i s t a n c e  cup w ith  a 
Conductance Bridge c o n ta in in g  a cathode ra y  tube  ( e l e c t r o n i c  eye) 
as th e  n u l l  i n d i c a t o r .  The c e l l  c o n s ta n t  o f  th e  conductance c e l l  
was f i r s t  determ ined  by m easuring the  e l e c t r i c a l  r e s i s t a n c e  o f  a 0 . 0 1  
m olar po tass ium  c h lo r id e  s o lu t io n .  The s p e c i f i c  conductance , in  
m i l l in h o s  per c e n t im e te r ,  was equal to  th e  c e l l  c o n s ta n t  d iv id e d  by 
th e  measured e l e c t r i c a l  r e s i s t a n c e  in  m ill im h o s .  R eference  i s  made 
to  Jackson (1958).
Changes in  Redox P o t e n t i a l .
This  experim ent was designed to  measure th e  redox p o t e n t i a l  a t  
d i f f e r e n t  tim es a f t e r  f lo o d in g .  S p e c ia l  p la t in u m  e le c t r o d e  tubes  
were c o n s tru c te d  by s e a l in g  a p ie c e  o f  18-guage p la tin u m  w ire  a t  the 
s id e  o f  a 20 x 150 m i l l im e te r  Pyrex t e s t  tube  as shown in  F ig u re  1. 
B efore s t a r t i n g  th e  experim ent the  p la t in u m  e le c t r o d e s  were c leaned  
e l e c t r o l y t i c a l l y  fo r  th re e  m inutes in  one normal h y d ro c h lo r ic  a c id .  
This  was done by connecting  th e  p o s i t i v e  and n e g a t iv e  p o les  o f a
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22 1/2 v o l t  dry c e l l  b a t t e r y  to  a carbon e le c t r o d e  and the  p la tinum  
e le c t r o d e  r e s p e c t iv e ly .  In  a d d i t i o n ,  th e  p la t in u m  e le c t ro d e s  were 
checked by comparing th e  Eh o f  quinhydrone s o lu t io n s  in  pH 4.00  and 
7.00 b u f fe r  s o lu t io n s  a t  25°C, w ith  p re v io u s ly  c a lc u la te d  v a lu e s  
appearing  in  th e  Beckman In s tru m e n ts  B u l l e t i n  99-D.
F i f t e e n  grams of a i r - d r y  s o i l  were weighed out in  th e se  e le c t ro d e  
tubes and flooded  w ith  an excess  of d i s t i l l e d  w a te r .  These samples 
were th en  in cu b a ted  a t  30°C. Eh measurements were made w i th in  
m inutes a f t e r  f lo o d in g ,  12 hours  a f t e r  f lo o d in g  and subsequently  a t  
d a i ly  i n t e r v a l s  fo r  32 d a y s .
Redox p o t e n t i a l  measurements were made w ith  a Beckman Zeromatic 
pH meter by means o f  th e  p la t in u m  e le c t r o d e  and a s a tu r a te d  calomel 
h a l f  c e l l .  Redox p o t e n t i a l  v a lu e s  were converted  in to  m i l l i v o l t s  
versu s  th e  normal hydrogen e le c t r o d e  by th e  a d d i t io n  o f 244 m i l l i v o l t s  
a t  25°C.
Carbon Dioxide and Methane P ro d u c t io n .
T h is  experim ent was des igned  to  i d e n t i f y  and measure the  gases 
evolved when s o i l s  a re  f looded  fo r  an extended p e r io d .  S p ec ia l  g la s s  
in c u b a tio n  j a r s  were c o n s t ru c te d  as i l l u s t r a t e d  in  F ig u re  2. The 
volumes o f 26 such in c u b a t io n  j a r s  were a c c u ra te ly  determ ined by 
f i l l i n g  the  en c lo sed  p a r t s  w ith  d i s t i l l e d  w ater  o f  known tem pera tu re  
and w eighing . Equal w e igh ts  o f  a i r - d r y  s o i l  samples o f each s o i l  and 
d i s t i l l e d  w ater were th e n  weighed in to  r e s p e c t iv e  j a r s  so t h a t  the 
volume o f  s o i l  p lu s  d i s t i l l e d  w ate r  occupied  o n e -h a l f  of the  t o t a l  
volume o f  th e  in c u b a t io n  j a r .  These c a l c u l a t i o n s  were made in d iv id u a l ly  










F ig u re  1. P la tinum  e l e c t r o d e  tube used  fo r  Eh measurement in  
submerged s o i l  sam ples .
F ig u re  2. G lass in c u b a t io n  j a r  used  fo r  gas e v o lu t io n  and d e n i t r i ­
f i c a t i o n  measurements.
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m o is tu re  of s o i l ,  and d e n s i ty  o f  the  d i s t i l l e d  w ate r  a t  a  g iven 
te m p e ra tu re .  The f l a s k s  were s to p p e red  w ith  a number e ig h t  rubber  
s to p p e r  c o n ta in in g  a mercury manometer s id e  arm and a h ig h  vacuum 
two-way s to p  cock w ith  an a d a p to r .  These flooded s o i l s  were i n ­
cubated  a t  30°C.
P re s s u re  r e a d in g s  were tak en  four and o n e -h a lf  months l a t e r  
j u s t  p r io r  to  gas a n a l y s i s .  At sampling the  adap to r  was d i r e c t l y  
a t ta c h e d  to  a C o n so lid a ted  E lec trodynam ic mass spec trom eter  (Type 
21-611) and a sm all p o r t i o n  o f th e  gaseous phase in tro d u ce d  by
c a r e f u l ly  m an ip u la t in g  th e  two-way s to p  cock. The mass spec trom eter
\
reco rd ed  peaks o f  m ass/charge  (m/e) r a t i o s  on c h a r t  paper . The peak 
h e ig h ts  measured f o r  d e te rm in in g  methane and carbon d iox ide  were 
m/e 15 and 22 r e s p e c t i v e l y .  The t o t a l  volume of gas was c a lc u la te d  a t  
s ta n d a rd  tem p era tu re  and p re s s u re  c o n s id e r in g  the  manometer p r e s s u re ,  
a tm ospheric  p r e s s u r e ,  volumes o f c o n ta in e r ,  and in c u b a t io n  tem p era tu re .  
The volume o f  carbon  d io x id e  and methane were then  c a lc u la te d  from t h i s  
d a ta  and th e  mass sp ec tro m ete r  d a ta .  Gases o f  known com position  were 
used to  c a l i b r a t e  th e  mass sp e c tro m e te r .
D e n i t r i f i c a t i o n .
Upon com pleting  th e  gas p ro d u c tio n  experim ent, th e  in cu b a tio n  
j a r s  were p laced  under vacuum fo r  s e v e ra l  days tq  e x t r a c t  a l l  gases 
from th e  s o i l .  The j a r s  were then  purged by a l t e r n a t e l y  evacuating  
and f lu s h in g  w i th  helium . F in a l ly  n i t r a t e  n i t r o g e n ,  as potassium  
n i t r a t e ,  was added a t  th e  r a t e  o f  46.25 m il l ig ram s  per sample or 
approx im ate ly  250 p a r t s  per  m i l l i o n .  Sucrose was a lso  added as  an 
energy source a t  th e  r a t e  o f  925 m il l ig ra m s  per sample o r  approxim ate ly
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0 .5  per c e n t .  Both the  n i t r o g e n  and th e  energy source were added by 
p ip e t t i n g  f i v e  m i l l i l i t e r s  o f  a s o lu t io n  co n ta in in g  d is s o lv e d  p o ta s ­
sium n i t r a t e  and su c ro se  a t  th e  c o n c e n tra t io n s  of 66.76 grams and 
185 grams p e r  l i t e r  r e s p e c t i v e l y .  The f looded  s o i l s  were p laced  
under an ae ro b ic  c o n d i t io n s  by a l t e r n a t e l y  apply ing  a vacuum and 
f lu sh in g  w i th  th e  i n e r t  gas a rgon . The a t ta in m en t o f  extrem ely  low 
oxygen and n i t r o g e n  c o n c e n t ra t io n s  w i th in  th e  in c u b a tio n  j a r s  was 
confirmed by a n a ly z in g  a gas sample w ith  the  mass sp e c tro m e te r .  The 
j a r s  were in c u b a te d  a t  30°C under an argon atmosphere approxim ately  
equal to  a tm ospheric  p r e s s u re .
P re ssu re  r e a d in g s  were taken  a f t e r  e ig h t ,  n ine  and te n  days j u s t  p r io r  
to  sampling and a n a l y s i s .  The in c u b a t io n  j a r s  were sampled and the  
gases ana lyzed  w i th  th e  mass sp ec tro m ete r  as d esc r ib e d  fo r  the  
Carbon Dioxide and Methane P ro d u c tio n  experim ent. There was never 
any evidence o f n i t r o u s  oxide  appear ing  a t  peak m/e 30. The peak 
h e ig h t  measured fo r  c a l c u l a t i n g  n i t ro g e n  was m/e 28. This  was 
c o r re c te d  fo r  th e  background o f th e  in s tru m en t and th e  c o n t r ib u t io n  
of carbon d io x id e  to  th e  magnitude o f m/e 28» The volume of n i t ro g e nI
a t  s ta n d a rd  te m p era tu re  and p re s s u re  was c a lc u la te d  from manometer 
p r e s s u re ,  a tm o sp h er ic  p r e s s u r e ,  volume o f  c o n ta in e r ,  in c u b a t io n  
tem pera tu re  and mass sp ec tro m e te r  re a d in g s .  The mass spec trom eter  was 
c a l ib r a t e d  u s in g  gases  o f known m ix tu re .
F i n a l l y ,  a sp o t  t e s t  fo r  n i t r a t e  n i t r o g e n  in  the  s o i l  was 
conducted as  p re v io u s ly  d e sc r ib e d  fo r  th e  q u a l i t a t i v e  a n a ly s is  of 
n i t r a t e  under N i t r a t e  R ed u c tio n . Experiment I I .
RESULTS AND DISCUSSION
Table 3 p r e s e n ts  th e  n i t r a t e  r e d u c t io n  r a t e s  o b ta in e d  by the 
q u a n t i t a t i v e  methods d e sc r ib e d  In  M a te r ia ls  and Methods. The q u a n t i ­
t a t i v e  r a t e s  were determ ined  s t a t i s t i c a l l y  by c a l c u l a t i n g  th e  r e g r e s ­
s io n  c o e f f i c i e n t  o f  th e  l i n e a r  r e g re s s io n  eq u a tio n  by th e  method o f 
l e a s t  sq u a re s .  The q u a l i t a t i v e  r a t e s  were determ ined  by d iv id in g  the  
p a r t s  per m i l l i o n  o f  n i t r a t e  n i t ro g e n  added by th e  number o f days 
r e q u i r e d  fo r  th e  t e s t  to  in d ic a te  the  absence o f n i t r a t e s .
Table 4 shows th e  r e s u l t s  o f  the  d e n i t r i f i c a t i o n  experim ent.
The r e s u l t s  o f  o th e r  b i o l o g i c a l ,  physicochem ical and chemical 
a n a ly se s  a r e  p r e se n te d  in  Tables 5 to  12.
The c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  fo r  p h y s ic a l ,  b i o l o g i c a l ,  
physicochem ica l and chem ical p r o p e r t i e s  o f  th e  t re a tm e n ts  n o t r e c e iv in g  
a d d i t i o n a l  o rg a n ic  m a t te r  a re  p re se n te d  in  T ab les  13 to  15. The c o r ­
r e l a t i o n  c o e f f i c i e n t s  fo r  th e se  p r o p e r t i e s  o f  th e  t re a tm e n ts  which 
r e c e iv e d  a d d i t i o n a l  o rg a n ic  m a t te r  a re  n o t  p re se n te d  s in c e  s im i la r  
c o r r e l a t i o n s  e x i s t e d .
N i t r a t e  R eduction
Experiment I : Table 3 shows t h a t  a l l  the  s o i l s  had the  c a p a c i ty  
to  reduce n i t r a t e s  under submergence. The n i t r a t e  r e d u c t io n  r a t e s  
ranged  from 0 .49  p a r t s  p e r  m i l l io n  per day in  the  Commerce sandy loam 
( s o i l  #25) to  9 .42 p a r t s  per m i l l io n  per day in  the  I b e r i a  c la y  ( s o i l  
#26).
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Table 3. N i t r a t e  r e d u c t io n  r a t e s  under submerged c o n d i t io n  w ith  and w i th o u t  added o rg an ic  m a t te r  
(0.25% ground corn  l e a v e s ) .
Q u a n t i t a t iv e  N i t r a t e  Reduction(ppm /day) Q u a l i t a t i v e  N i t r a t e  R eduction(ppm /day)x 
F looded w i th  F looded w ith  D i f f e r -  Flooded w ith  Flooded w ith  D i f f e r -  
No.__________ S o i l___________No P.M. added P.M. added ence No P.M. added P.M. added ence
1 Commerce 1 2.31 2.67 +0.36 2.44 3.84 +1.40
2 Mhoon s ic 4 .08 5.17 +1.09 3.89 5.08 +1.19
3 Commerce 1 1 .94 3.51 +1.57 2.33 2.69 +0.36
4 Mho on s i c l 2.06 6.57 +4.51 3.36 3.92 +0.56
5 Sharkey c 5 .49 7 .84 +2.35 4.27 4.78 40 .51
6 R ich lan d s i l 2.67 5 .90 +3.23 1.62 2.42 +0.80
7 O l iv ie r s i l 3.35 6.42 +3.07 1.79 2.45 40 .66
8 L in to n ia s i l 2i93 5.75 +2.82 1.06 2.46 +1.40
9 G a ll io n s i l 2.46 3.28 +0.82 4 .42 4 .44 4 0 .02
10 Yahola s i l 1.56 3.29 +1.73 1.08 2.27 +1.19
11 M il le r s i c 3.87 4.15 +0.28 2 . 0 1 3.89 +1 . 8 8
1 2 Yahola s i 1.94 2.64 +0.70 1.41 4 .13 +2.72
13 Yahola 1 3.10 5.90 +2.80 2.48 3.22 + 0 .74
14 Sharkey c l 2 . 2 0 3.13 + 0.93 1.44 2.92 +1.48
15 Sharkey s i 2.05 3.07 + 1 . 0 2 1.44 6 .73 +5.29
16 Sharkey s i c 4.71 4.80 +0.09 3.73 3.74 40 .01
17 Sharkey 1 2.44 3.67 +1.23 2.35 2 . 8 6 40.51
18 Crowley s i l 0 .8 4 1.81 +0.97 1.85 2.34 40.49
19 Baldwin s i c l 4 .34 6.32 +1.98 2.30 2.92 40 .6 2
2 0 Mhoon s i c l 3.11 3.04 -0 .07 4.42 4 .73 40 .31
21 Baldwin s i c l 3.02 5.90 + 2 . 8 8 2.55 2.96 +0.41
2 2 Baldwin s i c l 2.59 4.47 + 1 . 8 8 4 .0 8 4.78 40 .70
23 Midland s i c l 3.10 4.67 +1.57 2.37 2.49 40 .12
24 R ich land s i l 2 .24 1.91 -0 .3 3 1.63 3.16 +1.53
25 Commerce s i 0 .49 0.87 +0.38 3.14 5.97 + 2.83
26 I b e r i a c 9.42 9 .64 40 .22 4.58 4.57 - 0 . 0 1
I
The q u a n t i t a t i v e  and q u a l i t a t i v e  r a t e s  were determ ined under d i f f e r e n t  c o n d i t io n s .
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The q u a n t i t a t i v e  n i t r a t e  re d u c t io n  r a t e s  were p o s i t i v e l y  h ig h ly  
s i g n i f i c a n t l y  r e l a t e d  to  c la y ,  o rg a n ic  m a t t e r ,  carbon d io x id e  p ro ­
d u c tio n  and methane p ro d u c tio n  w ith  c o r r e l a t i o n  c o e f f i c i e n t s  o f  0 .820 , 
0 .5 9 6 ,  0 .719 and 0 .722 r e s p e c t i v e l y ,  Table 14. A pparen tly  c layey  
s o i l s  which have la rg e  amounts o f  o rg an ic  m a t te r  e i t h e r  have a la rg e r  
and /o r  more v a r i a b le  d e n i t r i f y i n g  p o p u la t io n  th an  the  l e s s  c layey  s o i l s ,  
or th e  g r e a te r  energy source  r e s u l t s  in  a h ig h e r  r a t e  o f  d e n i t r i f i c a ­
t i o n .  The r e l a t i o n s h i p s  between n i t r a t e  r e d u c t io n  and c la y  and between 
n i t r a t e  r e d u c t io n  and o rg an ic  m a t te r  a re  shown i n  F ig u res  3 and 4. The 
o x id a t io n  o f  s o i l  o rg a n ic  m a t te r  l i b e r a t e s  the  energy r e q u i re d  fo r  th e  
re d u c t io n  o f n i t r a t e  n i t r o g e n .  The c lo se  a s s o c i a t i o n  between p e r  cent 
c la y  and per cen t o rg a n ic  m a t te r  ( r  = 0 .849) i s  shown in  F ig u re  5.
I t  i s  l i k e l y  t h a t  th e  ap p aren t r e l a t i o n s h i p  o f n i t r a t e  r e d u c t io n  r a t e  
to  c la y  c o n ten t  was r e a l l y  an i n d i r e c t  r e l a t i o n s h i p  t h a t  was due to 
th e  c lo se  a s s o c ia t io n  o f n i t r a t e  r e d u c t io n  w ith  o rg an ic  m a t te r  and th e  
c lo se  r e l a t i o n s h i p  o f  o rg an ic  m a t te r  to  c la y .
The f a c t  t h a t  n i t r a t e  re d u c t io n  i s  a b i o l o g i c a l  p ro cess  i s  
m an ife s ted  by i t s  c lo se  c o r r e l a t i o n  w ith  b o th  carbon d io x id e  produc­
t i o n  and methane p ro d u c t io n .  These gases  a re  co n s id e red  th e  an aerob ic  
end p ro d u c ts  o f  b a c t e r i a l  decom position o f  carbonaceous m a t e r i a l s .  '
The a d d i t io n  o f 0 .25 per  cen t  ground corn le a v e s  a lm ost i n ­
v a r i a b ly  in c re a se d  th e  n i t r a t e  r e d u c t io n  r a t e s . The n i t r a t e  red u c­
t i o n  r a t e s  v a r ie d  from 0.87 p a r t s  per  m i l l i o n  p e r  day in  th e  Commerce 
sandy loam ( s o i l  #25) to  9 .64 p a r t s  per  m i l l io n  per  day in  th e  I b e r i a  
c la y  ( s o i l  #26), Table 3. The in c re a se  in  n i t r a t e  r e d u c t io n  r a t e  as 
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F igu re  3. C o r r e la t io n  between n i t r a t e  r e d u c t io n  r a t e  and c lay  
c o n te n t .
F igure  4 . C o r re la t io n  between n i t r a t e  r e d u c t io n  r a t e  and o rg an ic  












F ig u re  5 .  C o r r e la t io n  between s o i l  o rg an ic  m a t te r  c o n ten t  and s o i l  
c la y  c o n te n t .
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thereby  showing t h a t  each s o i l  responded d i f f e r e n t l y  to added o rgan ic  
m a t te r .  The e x te n t  to  which th e s e  s o i l s  r e a c te d  to  a d d i t io n a l  energy 
source was p robably  determ ined more by th e  in h e re n t  d e n i t r i f y i n g  popula­
t i o n  than  by e i t h e r  th e  amounts o f  c lay  and o rg an ic  m a t te r  i n i t i a l l y  
in  th e  s o i l s .  For example, th e  Mhoon s i l t y  c lay  loam ( s o i l  #4) 
e x h ib i te d  an in c re a se  in  n i t r a t e  r e d u c t io n  o f  4 .51  p a r t s  per m i l l io n  
per day w h ile  th e  Mhoon s i l t y  c la y  loam ( s o i l  #20) e x h ib i te d  a de­
c rease  in  n i t r a t e  r e d u c t io n  r a t e  o f  0 .07 p a r t s  per m i l l io n  per day.
These s o i l s  had comparable amounts o f  c la y  and o rg an ic  m a t te r s .
The f a c t  t h a t  n i t r a t e  r e d u c t io n  was a l s o  c o r r e l a t e d  w ith  the  
ammonia c o n ten t  a f t e r  30 days o f  submergence i s  n o t  because t h i s  
ammonia was a p roduct o f  n i t r a t e  r e d u c t io n  b u t r a t h e r  t h a t  t h i s  
ammonia came from the  m in e r a l i z a t io n  of p a r t  o f  the  o rg an ic  n i t r o g e n .  
Since o rg an ic  m a t te r  was in  tu rn  c o r r e l a t e d  w ith  n i t r a t e  re d u c t io n  
i t  was n o t  s u rp r i s in g  to  f in d  t h a t  ammonia was c o r r e l a t e d  w ith  n i t r a t e  
r e d u c t io n .  S im i la r ly ,  th e  c o r r e l a t i o n s  o f n i t r a t e  r e d u c t io n  w ith  
fe r ro u s  i r o n  and s p e c i f i c  c o n d u c t iv i ty  a re  p robab ly  i n d i r e c t  due to 
t h e i r  c o r r e l a t i o n s  w ith  c lay  and o rg an ic  m a t te r .  No lo g ic a l  exp lana­
t io n  can be o f fe r e d  fo r  th e  n e g a t iv e  r e l a t i o n s h i p  w ith  pH. In  g e n e ra l ,  
h igh  pH v a lu e s  favor d e n i t r i f i c a t i o n  as found by Nommik (1956) and 
Bremner and Shaw (1958).
Experiment I I : The n i t r a t e  r e d u c t io n  r a t e s  as determ ined
q u a l i t a t i v e l y  a re  a l s o  shown in  Table  3. These r e s u l t s  a lso  show t h a t  
n i t r a t e  r e d u c t io n  i s  a phenomenon e x h ib i te d  by a l l  th e  s o i l s  under 
submergence. In  t h i s  experim ent th e  n i t r a t e  r e d u c t io n  r a t e s  fo r  s o i l s  
flooded w ith o u t a d d i t io n a l  o rg an ic  m a t te r  v a r ie d  from 1.06 p a r t s  per
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m i l l io n  per  day fo r  th e  L in to n ia  s i l t  loam ( s o i l  #8 ) to  4 .5 8  p a r t s  per 
m i l l i o n  p e r  day f o r  th e  I b e r i a  c la y  ( s o i l  #26). The f a c t  t h a t  th e se  
r a t e s  d i f f e r  somewhat from th e  r a t e s  o b ta in e d  by th e  q u a n t i t a t i v e  method 
i n  Experiment I  can probably  be a t t r i b u t e d  to  th e  d i f f e r e n t  c o n d i t io n s  
under which th e  experim ent was conducted . The n i t r a t e  r e d u c t io n  r a t e s  
determ ined  by t h i s  method were a l s o  found to  be p o s i t i v e l y  h ig h ly  
s i g n i f i c a n t l y  c o r r e l a t e d  w ith  c la y ,  o rg a n ic  m a t t e r ,  carbon d io x id e  
p ro d u c tio n  and methane p ro d u c tio n  w ith  r  v a lu e s  o f  0 .5 4 6 ,  0 .6 2 7 ,  0 .688 , 
and 0 .7 1 7 ,  r e s p e c t i v e l y ,  as shown i n  Table  14. Comparing th e s e  r  
v a lu e s  w ith  th e  co rrespond ing  r  v a lu e s  o b ta in e d  in  Experiment I  
i n d i c a t e  t h a t  approx im ate ly  s im i la r  c o r r e l a t i o n s  were o b ta in e d  in  t h i s  
q u a l i t a t i v e  method.
S o i l s  r e c e iv in g  0 .25  p e r  c e n t  ground corn  le a v e s  reduced 
n i t r a t e s  a t  r a t e s  ran g in g  from 2.27 p a r t s  per m i l l i o n  per  day fo r  the  
Yahola s i l t  loam ( s o i l  #10) to  6 .7 3  p a r t s  per  m i l l i o n  p e r  day in  the 
Sharkey s i l t  loam ( s o i l  #15). The n i t r a t e  r e d u c t io n  r a t e s  were alm ost 
in v a r ia b ly  h ig h e r  than  w ith o u t  added o rg a n ic  m a t te r  a lthough  th e  
• a d d i t io n  o f o rg a n ic  m a t te r  d id  n o t  in c r e a s e  n i t r a t e  r e d u c t io n  to  the 
same e x te n t  in  every  s o i l ,  th e  a d d i t i o n  o f o rg an ic  m a t te r  d id  no t 
favor n i t r a t e  r e d u c t io n  in  any group o f  s o i l s ,  such as th o se  t h a t  were 
o r i g i n a l l y  e i t h e r  h ig h  or low in  c la y  o r  e i t h e r  h igh  or low in  o rg an ic  
m a t te r .  The c o r r e l a t i o n s  o f  n i t r a t e  r e d u c t io n  w ith  ammonia p ro d u c t io n ,  
fe r ro u s  i r o n ,  and s p e c i f i c  c o n d u c t iv i ty  a re  s im i la r  to  th e  c o r r e l a ­
t i o n s  o b ta in e d  fo r  Experiment I .  No l o g i c a l  e x p la n a t io n  can be given 
to  th e  c o r r e l a t i o n  w ith  phosphorus excep t t h a t  p o s s ib ly  in  th e  decom­
p o s i t i o n  o f o rg a n ic  m a t te r  phosphorus m in e r a l i z a t i o n  o ccu rred .
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D e n l t r i f l c a t l o n
An exam ination  o f  Table  4 shows t h a t  n i t r a t e  added t o  h ig h ly  
reduced  s o i l s  was reduced  to  n i t r o g e n  gas to  v a ry in g  degrees  rang ing  
from 0 . 3  per  c e n t  of th e  t o t a l  added as  n i t r a t e  a f t e r  e ig h t  days in  
th e  Commerce loam ( s o i l  #3) to  80 .0  p e r  c e n t  a f t e r  te n  days in  the 
Yahola loam ( s o i l  #13).
Since th e  s tudy was conducted under a n a e ro b ic  and o th e rw ise  
i d e n t i c a l  c o n d i t io n s ,  th e  d i f f e r e n c e s  were due to  th e  in d iv id u a l  
c a p a c i ty  fo r  each s o i l  to  reduce  n i t r a t e  n i t r o g e n  to  n i t r o g e n  gas .
The d e n i t r i f y in g  organisms develop ing  w ith  th e  added a v a i l a b le  energy 
supply  used the  combined oxygen in  th e  n i t r a t e  form as  a  hydrogen 
a c c e p to r .
The mass sp ec tro m ete r  a n a ly s i s  d id  n o t  d e t e c t  a p p re c ia b le  
q u a n t i t i e s  o f  th e  o th e r  gaseous p ro d u c ts  o f  d e n i t r i f i c a t i o n  such as 
n i t r o u s  oxide and n i t r i c  o x id e .  This  su g g es ts  t h a t  th e s e  i n t e r ­
m ediate  p ro d u c ts  must have been, t r a n s i t o r y  in  n a tu re  or th e  tim e of 
sampling m issed  th e  r e d u c t io n  s ta g e  i n  which th e se  were p r e s e n t ,  
obv iously  in  sm all amounts. N i t r a t e  n i t r o g e n  was a b se n t  immediately 
a f t e r  gas a n a ly s is  as  determ ined  by th e  q u a l i t a t i v e  p h e n o ld isu l fo n ic  
a c id  spot t e s t  d e sc r ib e d  in  M a te r ia l s  and Methods. T h is  would i n ­
d ic a t e  t h a t  th e  n i t r a t e  n i t r o g e n  added was th e n  p re s e n t  in  o th e r  
in te rm e d ia te  p ro d u c ts  such as n i t r i t e .  I t  i s  a l s o  p o s s ib le  t h a t  some 
o f  th e  n i t r a t e  was a s s im i la t e d  as a n u t r i e n t  by m icroorganism s.
Ammonia A ccum ulation.
The r e s u l t s  shown in  Table 5 c l e a r l y  i n d i c a t e  t h a t  f lo o d in g
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Table 4. N itrogen  evolved as a r e s u l t  o f  d e n i t r i f i c a t i o n  o f  added 
n i t r a t e  n i t ro g e n  to  w a te r lo g g ed  s o i l s .
No, S o i l
Days from 
a d d i t io n  
to  a n a ly s i s
N2 - c . c .  
a t  S .T .P .
N2 evolved 
as % of 
T o ta l  added
l Commerce 1 8 8 .3 22.5
2 Mhoon s ic 8 3.2 8.7
3 Commerce 1 8 0 . 1 0 .3
4 Mhoon s i c l 8 1 0 . 2 27.7
5 Sharkey c 8 4 .1 1 1 . 0
6 R ichland s i l 8 1 . 1 2.9
7 O liv ie r s i l 8 4 .0 10.7
8 L in to n ia s i l 8 10.4 28.2
9 G allion s i l 8 1 1 . 6 31.4
10 Yahola s i l 8 10.9 29.6
1 1 M ille r s i c 8 21.4 57.9
1 2 Yahola s i l 8 6 . 8 18.4
13 Yahola 1 10 29.6 80.0
14 Sharkey c l 10 1 0 . 0 26.4
16 Sharkey s ic 10 15.9 42 .9
17 Sharkey 1 10 13.9 37.7
18 Crowley s i l 10 14.9 40 .4
19 Baldwin s i c l 9 24.4 65.9
2 0 Mhoon s i c l 9 1 0 . 6 28.6
2 1 Baldwin s i c l 9 14.1 38.0
2 2 Baldwin s i c l 9 13.2 35.6
23 Midland s i c l 9 15.2 41 .2
24 R ich land s i l 9 14.2 38.5
25 Commerce s i 9 22.3 60 .4
26 I b e r i a c 9 16.7 45.0
Sample No. 15 was n o t  analyzed  because  e x c e s s iv e  gas p ro d u c tio n  blew 
th e  mercury out of th e  manometer.
Table 5 . Ammonia p ro d u c t io n  under submerged c o n d i t io n  f o r  30 days w i th  and w ith o u t  added o rg a n ic  
m a t te r  (0.25% ground corn  l e a v e s ) .
P a r t s  per  m illio n  of ammonium n i t ro g e n s
No. S o i l I n i t i a l
F looded w ith  
No O.M. added
Flooded w ith  
O.M. added
R e s u l t in g
from
flo o d in g
R e s u l t in g  from 
f lo o d in g  w i th  
O.M.
D i f f e r e n t  
: . d u e .to  
O.M.
1 Commerce 1 8 .5 44.7 1 2 2 . 2 + 37.2 +113.7 + 76.5
2 Mhoon s i c 1 2 . 0 101.7 191.8 +  89.7 +179.8 +  90.1
3 Commerce 1 2 2 . 2 44 .6 143.2 +  22 .4 + 1 2 1 . 0 + 98.6
4 Mhoon s i c l 7 .3 72 .2 133.2 +  64.9 +125.9 + 61.0
5 Sharkey c 16.7 140.6 142.4 +123.9 +125.7 + 1 .8
6 R ich land s i l 13.6 66 .4 204.8 + 52 .8 +191.2 +138.4
7 O l iv ie r s i l 13.4 65 .3 209.4 + 52.5 +196.0 +143.5
8 L in to n ia s i l 13.7 52 .9 135 .6 + 39.2 +121.9 +  82.7
9 G a ll io n s i l 1 1 . 0 70.9 125.9 + 59.9 +114.9 + 55.0
1 0 Yahola s i l 4 .8 36.2 95 .4 + 31.4 +  90.6 + 59.2
1 1 M il le r s i c 9 .4 49 .3 128.6 + 39.9 +119.2 + 79 .3
1 2 Yahola s i 7 .4 16 .3 45 .1 + 8 .9 +  37.7 + 28 .0
13 Yahola 1 3.9 34.6 99.0 + 30.7 +  95.1 +  6 4 .4
14 Sharkey c l 5 .3 24.0 83 .3 + 18.7 +  78.0 + 59 .3
15 Sharkey s i 3.6 19 .4 78.5 + 15.8 +  74.9 + 59.1
16 Sharkey s i c 1 2 . 8 72.5 156.8 + 59.7 +144.0 + 8 4 .3
17 Sharkey 1 7 .2 4 0 .4 132.4 + 33.2 +125.2 +  92.0
18 Crowley s i l 13.9 50 .0 133.8 + 36.1 +119.9 + 83.8
19 Baldwin s i c l 44 .2 80 .9 244.3 + 36.7 + 2 0 0 . 1 +163.4
20 Mhoon s i c l 8 .7 105.9 136.6 + 97.2 +127.9 +  30.7
2 1 Baldwin s i c l 22 .3 92.0 231.8 + 69.7 +209.5 +139.8
2 2 Baldwin s i c l 40 .3 134.4 171.2 + 94.1 +130.9 + 36.8
23 Midland s i c l 1 0 . 2 100.4 149.6 + 9 0 .2 +139.4 +  4 9 .2
24 R ich land s i l 14.9 44 .1 135.4 + 29.2 +120.5 + 91.3
25 Commerce s i 15.8 34.3 93 .4 + 18.5 +  77 .6 +  59 .1
26 I b e r i a c 67.7 109.1 250.7 + 4 1 .4 +183.0 +141.6
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brought about tremendous in c r e a s e s  in  ammonium n i t ro g e n  rang ing  from a 
c o n c e n tra t io n  o f  16 .3  p a r t s  p e r  m i l l i o n  i n  th e  Yahola sandy loam ( s o i l  
#12) to  a c o n c e n t r a t io n  o f  140.6 p a r t s  per  m i l l io n  in  th e  Sharkey c lay  
( s o i l  #5 ) . From Table 14 i t  may be seen t h a t  th e  ammonia c o n c e n tra t io n  
a f t e r  30 days submergence was h ig h ly  c o r r e l a t e d  w ith  per cen t  o rgan ic  
m a t te r  o r i g i n a l l y  in  th e  s o i l  w i th  an r  v a lu e  o f 0 .776 . This r e l a t i o n ­
sh ip  i s  shown in  F ig u re  6 . This shows t h a t  s o i l s  r i c h  in  o rg an ic  m a t te r  
r e l e a s e  la rg e  amounts o f  ammonia. Under submerged co n d i t io n s  o rgan ic  
m a t te r  was decomposed and th e  m in e r a l i z a t io n  o f  o rg an ic  n i t ro g e n  
stopped a t  th e  ammonia s ta g e  because f u r th e r  o x id a t io n  o f ammonia was 
in h ib i t e d  by th e  an a e ro b ic  c o n d i t io n s .  The amount o f  n i t ro g e n  a v a i l ­
ab le  to  a r i c e  crop i s  o bv iously  dependent on th e  o rg an ic  m a tte r  
co n ten t  o f  the  s o i l .
With th e  a d d i t io n  o f 0 .25 p e r  c e n t  ground corn leav es  f lood ing  
caused an even g r e a t e r  r e l e a s e  o f  ammonia ran g in g  from a c o n c e n tra ­
t i o n  o f 45 .1  p a r t s  p e r  m i l l i o n  in  th e  Yahola sandy loam ( s o i l  #12) to  
250.7 p a r t s  per  m i l l i o n  in  th e  I b e r i a  c la y  ( s o i l  #26), Table 5. Even 
though th e  a d d i t io n  o f o rg a n ic  m a t te r  r e s u l t e d  in  l a r g e r  co n c e n tra ­
t io n s  of ammonia such in c r e a s e s  were n o t c o n s ta n t .  The in c re a s e s  of 
ammonia due to  th e  a d d i t io n  of corn  le a v e s  ranged  from 1 . 8  p a r t s  per 
m i l l io n  in  th e  Sharkey c la y  ( s o i l  #5) to  163.4 p a r t s  per  m i l l io n  in  
th e  Baldwin s i l t y  c la y  loam ( s o i l  #19). Since the  amount o f  n i t ro g e n  
added as corn  le av es  was app rox im ate ly  7 5 -p a r ts  per m i l l io n  (0.25 per 
cen t corn leav es  added c o n ta in in g  3 .0  p e r  cen t  n i t ro g e n )  i t  i s  obvious 
t h a t  th e  added o rg a n ic  m a t te r  s t im u la te d  the  m in e ra l iz a t io n  of 
n i t ro g e n  in  excess  o f  t h a t  co n ta in e d  in  th e  corn  leav es  in  some of the  




















F ig u re  6 . C o r r e la t io n  between ammonia c o n te n t  o f  s o i l s  submerged 30 
days and s o i l  o rg a n ic  m a tte r  c o n te n t .
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Highly s i g n i f i c a n t  c o r r e l a t i o n s  were a lso  found between ammonia 
and c la y ,  f e r ro u s  i r o n ,  phosphorus , s p e c i f i c  c o n d u c t iv i ty ,  carbon 
d iox ide  p ro d u c t io n  and methane p ro d u c t io n ,  Table 14. I t  w i l l  s u f f i c e  
to  say t h a t  most o f  th e s e  a re  p robab ly  i n d i r e c t  c o r r e l a t i o n s .  These 
p r o p e r t i e s  and ammonia m in e r a l i z a t io n  a re  probably each dependent on 
the  o rg an ic  m a t te r  c o n te n t  o f  the  s o i l .  The c o r r e l a t i o n  o f  ammonia 
w ith  phosphorus i s  p robab ly  due to  th e  f a c t  t h a t  bo th  a re  s im u ltan eo u s ly  
m in e ra l iz e d  under submerged c o n d i t io n s .
I ro n  R educ tion .
Since i t  was found t h a t  under f looded  co n d i t io n s  n e a r ly  a l l  o f  
th e  e x t r a c t a b l e  i r o n  was p r e s e n t  in  th e  fe r ro u s  form, the  r e s u l t s  
r e p o r te d  in  Table 6  a re  fo r  f e r ro u s  i ro n .
R eference  to  Table  2 shows th a t  i n i t i a l l y  th e  t o t a l  i ro n  ( fe r ro u s  
p lu s  f e r r i c )  ranged  from 3 .3  p a r t s  per  m i l l io n  in  th e  Crowley s i l t  loam 
( s o i l  #18) to  18.7 p a r t s  per m i l l io n  in  th e  I b e r i a  c lay  ( s o i l  #26). 
Reference to  Table  6 shows t h a t  i n i t i a l l y  the  fe r ro u s  i ro n  ranged from 
2 .3  p a r t s  per  m i l l i o n  in  th e  Crowley s i l t  loam ( s o i l  #18) to  8 .2  p a r t s  
per m i l l io n  in  th e  Sharkey c la y  ( s o i l  # 5 ) .  These v a lu es  a re  i n s i g n i f i ­
c a n t  in  comparison w ith  th o se  o f  the submerged s o i l s  t a b u la te d  in  
Table 6 . Under submerged c o n d i t io n s  fe r ro u s  i ro n  c o n c e n tra t io n s  
v a r ie d  from 567 p a r t s  p e r  m i l l i o n  in  th e  Yahola sandy loam ( s o i l  #12) 
to  2231 p a r t s  per  m i l l i o n  in  th e  Sharkey c lay  ( s o i l  #5).  Table 14 
i n d ic a te s  t h a t  th e  f e r ro u s  i r o n  c o n c e n tra t io n  a f t e r  submergence was 
p o s i t i v e l y  c o r r e l a t e d  w ith  c la y  and o rg an ic  m atte r  w ith  r  v a lu es  o f 
0.625 and 0 .674 r e s p e c t i v e l y .  F ig u re  7 i l l u s t r a t e s  the r e l a t i o n s h i p  
between th e  f i n a l  f e r ro u s  i r o n  c o n c e n tra t io n s  and th e  o rg an ic  m a t te r
Table 6 . E x t r a c ta b le  f e r ro u s  i r o n  as a f f e c t e d  by submergence f o r  30 days w ith  and w ith o u t  added 
o rg a n ic  m a t te r  (0.25% ground corn  l e a v e s ) .
No. S o i l
F a r t s pe r  m i l l i o n o f  f e r ro u s i ro n
I n i t i a l
F looded w i th  
No O.M. added
Flooded w ith  
O.M. added
R e s u l t in g
from
flo o d in g
R e s u l t in g  from 
f lo o d in g  w ith  
O.M.
D if fe re n c e  
due to  
O.M.
1 Commerce 1 6 .9 1346 1346 1339 1339 0
2 Mhoon s ic 4 .4 2105 2 1 1 0 2 1 0 1 2106 + 5
3 Commerce 1 2 . 8 1632 1576 1629 1573 - 56
4 Mhoon s i c l 4 .0 2 1 1 0 2105 2106 2 1 0 1 - 5
5 Sharkey c 8 . 2 2231 2242 2223 2234 + 11
6 R ich land s i l 2 . 6 1255 1866 1252 1863 +611
7 O l iv ie r s i l 3 .2 1935 2025 1932 2 0 2 2 + 90
8 L in to n ia s i l 3.7 1792 2003 1788 1999 + 2 1 1
9 G a llio n s i l 6 . 2 1 2 1 1 1 2 2 2 1205 1216 +  1 1
10 Yahola s i l 4 .8 661 722 656 717 +  61
1 1 M ille r s i c 3 .4 1992 1958 1983 1955 - 34
1 2 Yahola s i 2 . 8 567 661 564 658 +  94
13 Yahola 1 3.7 1335 1369 1331 1365 + 34
14 Sharkey c l 3 .5 1442 1996 1438 1992 +554
15 Sharkey s i 3 .3 883 1016 880 1013 +133
16 Sharkey s i c 3 .3 2078. 2073 2075 2070 - 5
17 Sharkey 1 3.9 1830 1909 1826 1905 +  79
18 Crowley s i l 2 .3 1862 1934 1860 1932 +  72
19 Baldwin s i c l 8 . 2 1988 2 0 0 0 1980 1992 +  1 2
20 Mhoon s i c l 4 .2 2084 2062 2080 2058 -  2 2
21 Baldwin s i c l 6 . 8 2076 2054 2069 2047 - 2 2
2 2 Baldwin s i c l 4 .7 2151 2128 2146 2123 -  23
23 Midland s i c l 5 .2 1303 1303 1298 1298 r 0
24 R ich land s i l 2 . 8 1906 1988 1903 1985 +  82
25 Commerce s i 5 .0 700 700 695 695 0














F ig u re  7. C o r r e la t io n  between e x t r a c t a b l e  f e r ro u s  i r o n  o f  s o i l s  
submerged 30 days and s o i l  o rg an ic  m a t te r  c o n te n t .
F ig u re  8 . C o r r e la t io n  between e x t r a c ta b le  fe r ro u s  i r o n  and pH of 
s o i l s  submerged 30 days.
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c o n te n ts  o f  th e  s o i l s .  A s im i la r  r e l a t i o n s h i p  appeared b e fo re  sub­
mergence ( r  B 0 .4 3 4 ) ,  as shown in  Table 13, b u t t h i s  c o r r e l a t i o n  was 
in c re a se d  under submerged c o n d i t io n s .  This may be i n t e r p r e t e d  as  be ing  
due to  more in te n s iv e  r e d u c t io n  o f  o x id ized  forms o f  i ro n  t h a t  fu n c t io n  
as e l e c t i o n  a c c e p to rs  in  b io lo g ic a l  r e d u c t io n .  This r e d u c t io n  i s  c a r r i e d  
ou t by m icroorganisms in  th e  p resence  o f an energy sou rce .  This  seems 
to  be f u r t h e r  s u b s ta n t i a t e d  by the  f a c t  t h a t  carbon d io x id e  p ro d u c tio n  
and methane p ro d u c tio n  a re  p o s i t i v e l y  c o r r e la t e d  w ith  the  f i n a l  f e r ro u s  
i r o n  c o n c e n tra t io n s  w ith  r  v a lu e s  o f  0 .564  and 0 .494 , r e s p e c t iv e ly ,
Table  14. Reduced o rg an ic  p ro d u c ts  o f  m ic ro b ia l  a c t i v i t y  might have 
reduced  f e r r i c  i ro n  as suggested  by Bloom field (1953).
F e rro u s  i ro n  was n o t c o n s i s t e n t ly  in c re a se d  by adding 0 .25  per 
c e n t  ground corn leav es  to  th e  f looded  s o i l s .  The e f f e c t  o f  added 
o rg a n ic  m a t te r  ranged  from an in c re a s e  o f  661 p a r t s  per m i l l io n  in  
th e  R ich lan d  s i l t  loam ( s o i l  #6 ) to  a d ecrease  o f 56 p a r t s  per m i l l io n  
in  th e  Commerce loam ( s o i l  # 3 ) .  G en e ra l ly ,  the  r e s u l t s  in  Table 6 
ten d  to  i n d i c a t e  t h a t  added o rg an ic  m a t te r  in c re a se d  th e  amount of 
f e r ro u s  i r o n  under f looded  c o n d i t io n .  This i s  a lso  a s c r ib e d  to  the  
s t im u la t iv e  e f f e c t  t h a t  o rg an ic  m a t te r  had on the  a c t i v i t i e s  o f  the 
m icroorganism s r e s p o n s ib le  fo r  red u c in g  i ro n  to  th e  fe r ro u s  s t a t e .
The d ec re a se s  o f  f e r ro u s  i r o n  under flooded c o n d i t io n s  w ith  added 
o rg a n ic  m a t te r  may have been due to  fe r ro u s  i ro n  being  complexed w ith  
some o rg an ic  f r a c t i o n  the reb y  d im in ish ing  the amount e x t r a c te d .  This 
d e c rease  may a lso  have been the  r e s u l t  o f  th e  p r e c i p i t a t i o n  o f f e r ro u s  
and s u l f i d e  ions  as fe r ro u s  s u l f i d e .
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F ig u re  8  i l l u s t r a t e s  th e  n e g a t iv e  c o r r e l a t i o n  between f i n a l  
f e r ro u s  i r o n  c o n c e n t r a t io n s  and th e  pH of th e  submerged s o i l s .  This  
i n d i c a t e s  t h a t  th e  more a c id  s o i l s  b u i l t  up l a r g e r  f e r ro u s  i r o n  concen­
t r a t i o n s  w i th in  30 days o f  submergence than  the  l e s s  a c id  s o i l s .  A 
s im i la r  c o r r e l a t i o n  e x i s t e d  b e fo re  submergence w ith  an r  v a lu e  o f 
0 .4 3 5 ,  as shown in  Table  13, due to  th e  hydrogen ion  a c t i v i t y  in  the  
more a c id  s o i l s .  Larger  f e r ro u s  i r o n  c o n c e n tra t io n s  a f t e r  submergence 
a re  to  be expected  in  th e  more a c id  s o i l s  s in c e  th e  h ig h e r  hydrogen 
ion  a c t i v i t y  r e s u l t s  in  more i ro n  being  r e l e a s e d  from c r y s t a l l i n e  
forms and being  p r e s e n t  in  the  s o i l  as f r e e  i ro n  oxide which i s  
r e d u c ib le  under submerged c o n d i t io n s .
F e rro u s  i ro n  c o n c e n t r a t io n s  were p o s i t i v e l y  c o r r e l a t e d  w ith  
manganese and s p e c i f i c  c o n d u c t iv i ty .  There was no c o r r e l a t i o n  between 
f e r ro u s  i r o n  c o n c e n t r a t io n s  b e fo re  f lo o d in g  and a f t e r  f lo o d in g ,  Table 
15.
Changes in  E x t r a c ta b le  Phosphorus .
Most s o i l s  showed an in c re a s e  in  e x t r a c t a b l e  phosphorus a f t e r  
submergence. The e f f e c t  o f  f lo o d in g  ranged from an in c re a s e  o f  392.9 
p a r t s  per  m i l l io n  phosphorus in  th e  Sharkey c lay  ( s o i l  #5) to  a 
d e c rease  o f 30.4 p a r t s  per  m i l l io n  phosphorus in  the  Sharkey loam 
( s o i l  # 1 7 ) ,  Table 7. There was a very  c lo se  r e l a t i o n s h i p  between 
th e  amount of phosphorus e x t r a c te d  b e fo re  submergence and a f t e r  sub­
mergence ( r  = 0 .9 0 8 ) .  The r e g r e s s io n  equa tion  r e l a t i n g  phosphorus 
e x t r a c te d  a f t e r  submergence to  phosphorus e x t r a c te d  b e fo re  submergence 
showed t h a t  th e r e  was an average in c re a se  o f  2 1  pe r  c e n t  in  e x t r a c t a b l e
Table 7. E x t r a c ta b le  phosphorus as  a f f e c t e d  by submergence fo r  30 days w ith  and w ith o u t  added 
o rg a n ic  m a t te r  (0.25% ground corn  l e a v e s ) .
No. S o i l
F a r t s  p e r  m i l l i o n  o f  phosphorus
I n i t i a l
F looded w ith  
No O.M. added
Flooded w ith  
O.M. added
R e s u l t in g
from
flo o d in g
R e s u l t in g  from 
f lo o d in g  w ith  
O.M.
D if fe re n c e  
due to  
O.M.
1 Commerce 1 437.6 438.6 418.2 + 1 . 0 - 19.4 -  18.4
2 Mhoon s i c 375.4 533 .3 550.2 +117.9 +174.8 +  56 .9
3 Commerce 1 347.8 323.8 320.3 -  24.0 - 27.5 -  3.5
4 Mhoon s i c l 408.7 510.6 525.2 +101.9 +116.5 +  14.6
5 Sharkey c 425.1 818.0 818.6 +392.9 +393.5 +  0 . 6
6 R ich land s i l 105.6 165.6 192.9 + 60 .6 +  87.9 +  27 .3
7 O l iv ie r s i l 195.3 316.7 358.5 +121.4 +163.2 +  41 .8
8 L in to n ia s i l 96 .4 125.5 167.3 +  29.1 + 70.9 +  41 .8
9 C a l l  ion s i l 148.0 151.5 155.0 + 3.5 -+ 7 .0 +  3.5
10 Yahola s i l 312.1 282.8 282.8 -  29.3 - 29.3 0 . 0
11 M ille r s i c 344.9 386.4 386.9 +  41 .5 +  42 .0 +  0 .5
1 2 Yahola s i 262.6 247.4 248.5 - 15.2 - 14.1 +  1 . 1
13 Yahola 1 327.9 347.8 216.2 +  19.9 -111.7 - 91.8
14 Sharkey c l 321.4 319.3 344.2 -  2 . 1 + 2 2 . 8 + 24.9
15 Sharkey s i 344.4 344.4 334.3 0 . 0 - 1 0 . 1 -  1 0 . 1
16 Sharkey s i c 245.7 347.6 347.6 +101.9 +101.9 0 . 0
17 Sharkey 1 378.0 347.6 365.6 -  30.4 -  12.4 +  18.0
18 Crowley s i l 6 . 1 1 2 . 1 17.2 + 6 . 0 + 1 1 . 1 +  5 .1
19 Baldwin s i c l 52.5 91 .2 99.9 + 38.7 +  47 .4 +  8 .7
20 Mhoon s i c l 769.6 995.4 1047.0 +225.8 +277.4 +  51 .6
21 Baldwin s i c l 381.7 634.9 638.6 +253.2 +256.9 +  3 .7
2 2 Baldwin s i c l 267.3 439.9 450.8 +172.6 +183.5 +  10.9
23 Midland s i c l 46 .4 54 .6 75.7 + 8 . 2 +  29 .3 +  2 1 . 1
24 R ich land s i l 42 .0 87.9 117.7 +  45 .9 + 75.7 + 29.8
25 Commerce s i 393.9 394.9 385.8 + 1 . 0 -  8 . 1 - 9 .1




phosphorus due to  submergence, F ig u re  9. This  g e n e ra l  in c re a se  in  
e x t r a c t a b l e  phosphorus as  a r e s u l t  o f  submergence i s  im portan t in  
th e  phosphorus n u t r i t i o n  o f lowland r i c e .  The amount o f phosphorus 
r e le a s e d  a f t e r  submergence was a f f e c te d  by th e  o rg an ic  m a t te r  co n ten t  
o f  th e  s o i l ,  s in c e  a h ig h ly  s i g n i f i c a n t  c o r r e l a t i o n  e x i s t e d  between 
phosphorus a f t e r  f lo o d in g  and o rg an ic  m a t te r ,  F ig u re  10. T his  was 
p robably  due to  i t s  r o l e  in  th e  re d u c t iv e  p ro c e sse s  which occu r .  The 
h ig h ly  s i g n i f i c a n t  and m eaningful c o r r e l a t i o n  (R «= 0 .749) between changes in  
fe r ro u s  i r o n  and e x t r a c t a b l e  phosphorus shown in  F ig u re  11 i s  ex­
p o n e n t ia l  in  n a tu r e .  T h is  p rov ides  ev idence t h a t  phosphorus i s  made 
more a v a i l a b le  th rough  th e  mechanism of th e  re d u c t io n  of f e r r i c  phos­
pha te  to  f e r ro u s  p h o sp h a te .  The r e l e a s e  o f f e r ro u s  i ro n  had no 
e f f e c t  on th e  r e l e a s e  o f  phosphate  u n t i l  a v a lu e  of e x t r a c ta b le  fe r ro u s  
i r o n  of app rox im ate ly  1800 p a r t s  per m i l l io n  was reach ed . An in c re a s e  
in  th e  r e l e a s e  o f  i r o n  beyond t h i s  p o in t  produced a marked r e l e a s e  of 
phosphate .
Manganese R e d u c tio n .
Manganese c o n c e n t r a t io n s  were markedly in c re a se d  a f t e r  f lo o d in g ,
Table  8 . These in c r e a s e s  ranged from 33.6 p a r t s  per  m i l l io n  manganese 
fo r  th e  Commerce sandy loam ( s o i l  #25) to  1296 p a r t s  per  m i l l io n  
manganese in  the  O l iv i e r  s i l t  loam ( s o i l  # 7 ) .  This in c re a s e  was due 
to  th e  r e d u c t io n  o f  manganese as a consequence o f  th e  anaerob ic  m eta­
bo lism s o f s o i l  b a c t e r i a .  S im i la r ly  to  f e r r i c  i ro n  compounds, manganic 
compounds a c t  as b i o l o g i c a l  e l e c t r o n  a c c e p to rs  and a re  reduced  to  the 
more so lu b le  manganous form s. A lso , s im i l a r ly  to  f e r r i c  compounds, 
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9. R e la t io n s h ip  between e x t r a c ta b le  phosphorus o f  s o i l s  














F ig u re  10. C o r r e la t io n  between e x t r a c t a b l e  phosphorus of s o i l s  
























500 1000 1500 2000 2500
Change In Ferrous Iron — ppm
F ig u re  11. C o r r e la t io n  between change in  e x t r a c t a b l e  phosphorus and 
change in  e x t r a c ta b le  fe r ro u s  i r o n  of s o i l s  submerged 
30 days.
Table  8 . E x t r a c ta b le  manganese as a f f e c t e d  by submergence fo r  30 days w i th  and w ith o u t  added o rg a n ic  
m a t te r  (0.25% ground corn  l e a v e s ) .
P a r t s  p e r  m i l l i o n  o f  manganese
R e s u l t in g  R e s u l t in g  from D if fe re n c e  
F looded w i th  F looded w i th  from f lo o d in g  w ith  due to
No. S o i l I n i t i a l No O.M. added O.M. added f lo o d in g O.M. O.M.
1 Commerce 1 40.1 81.9 76.9 41.8 36.8 -  5 .0
2 Mhoon s i c 83 .8 490.8 490.8 407.0 407.0 0 . 0
3 Commerce 1 37.9 116.1 114.4 78.2 76.5 -  1 . 7
4 Mhoon s i c l 74.5 383.0 408.3 308.5 333.8 +  25 .3
5 Sharkey c 76 .3 441 .2 470.0 364.9 393.7 +  28.8
6 R ich land s i l 159.4 1400 1732 1241 1572 +331
7 O l iv ie r s i l 87.9 1384 1500 1296 1412 +115
8 L in to n ia s i l 58 .1 464.5 508.8 406.4 450.7 + 4 4 .3
9 G a ll io n s i l 16 .4 103.9 1 0 2 . 8 87.5 86 .4 - 1 . 1
10 Yahola s i l 44 .1 88.9 101.7 44 .8 57 .6 + 1 2 . 8
11 M ille r s i c 59 .3 475.9 473.6 416.6 414.6 -  2 . 0
1 2 Yahola s i 2 1 . 2 85.0 87.8 63.8 6 6 . 6 +  2 . 8
13 Yahola 1 57.7 237.9 242.9 180.2 185.2 + 5 .0
14 Sharkey c l 49 .8 415.8 462.8 366.0 413.0 +  47 .0
15 Sharkey s i : 20.5 151.6 152.8 131.1 132.3 +  1 . 2
16 Sharkey s i c 75 .2 604.1 615.6 528.9 540.4 + 11.5
17 Sharkey 1 6 6 . 0 219.8 224.9 153.8 158.9 +  5 .1
18 Crowley s i l 126.6 548 .3 571.1 421.7 444.5 +  2 2 . 8
19 Baldwin s i c l 34.5 158.6 95.7 124.1 61.2 - 62.9
20 Mhoon s i c l 129.7 566.4 577.5 436.7 447.8 +  1 1 . 1
2 1 Baldwin s i c l 123.8 765.3 657.8 641.5 534.0 -107 .5
2 2 Baldwin s i c l 116.0 612.0 599.5 496.0 483.5 -  12.5
23 Midland s i c l 76 .2 116.7 116.7 40.5 40.5 0 . 0
24 R ich land s i l 171.0 766.6 748.8 595.6 577.8 - 17.8
25 Commerce s i 28.1 61.7 55.6 33.6 27.5 - 6 . 1




d u rin g  th e  an ae ro b ic  decom position  o£ o rg a n ic  m a tte r  as su g g ested  by 
Mann and Q u aste l (1946). The s t r i k in g  f e a tu re  w ith  manganese was 
th a t  i t s  c o n c e n tra tio n  a f t e r  f lo o d in g  was c lo s e ly  r e l a t e d  to  th e  
manganese c o n te n t b e fo re  f lo o d in g . The c o r r e la t io n  c o e f f ic ie n t  ( r )  
betw een th e  i n i t i a l  manganese c o n c e n tra tio n s  and th e  c o n c e n tra tio n s  30 
days a f t e r  submergence was 0.755 (T able 1 5 ), and th e  e q u a tio n  r e l a t in g  
th e se  two was Y * -3 9 .7  + 6.39X where Y i s  th e  e s tim a te d  c o n ce n tra ­
t io n  a f t e r  f lo o d in g  and X th e  c o n c e n tra tio n  b e fo re  f lo o d in g . T his 
r e l a t io n s h ip  i s  i l l u s t r a t e d  in  F ig u re  12. The r e g re s s io n  c o e f f ic ie n t  
shows th a t  th e re  was an average s ix - f o ld  in c re a s e  in  e x t r a c ta b le  
manganese as a r e s u l t  o f submergence.
The e f f e c t  o f added o rg a n ic  m a tte r  was in c o n s i s te n t ,  ran g in g  from 
an in c re a s e  o f 331 p a r t s  per m i l l io n  manganese in  th e  R ich lan d  s i l t  
loam ( s o i l  #6 ) to  a d ec rease  o f 107.5 p a r t s  p e r  m i l l io n  in  th e  Baldwin 
s i l t y  c la y  ( s o i l  # 2 1 ), Table 8 . An exam ination  o f th e  r e s u l t s  in  Table 
8  shows th a t  o rg a n ic  m a tte r  u s u a l ly  caused an in c re a s e  in  th e  concen­
t r a t i o n  o f m anganese, a lthough  th e  r e la t io n s h ip  was n o t s t a t i s t i c a l l y  
s ig n i f i c a n t .  A p ro b ab le  re a so n  as  to  why added o rg a n ic  m a tte r  d id  n o t 
more d e f in i t e ly  a f f e c t  manganese s o lu b i l i t y  may l i e  in  the  f a c t  th a t
manganese i s  v e ry  e a s i ly  reduced  under submerged c o n d itio n s  when
1
compared to  iro n  and a d d i t io n a l  o rg a n ic  m a tte r  i s  n o t n e ce ssa ry  fo r  
manganese r e l e a s e .  Manganese reduced  to  a more s o lu b le  form may be 
l a t e r  t i e d  up in  a n o n -e x tra c ta b le  form as a complex compounds.
There was a  s ig n i f i c a n t  degree o f a s s o c ia t io n  between manganese 





















F ig u re  12. R e la tio n s h ip  between e x tr a c ta b le  manganese o f s o i l s  
submerged 30 days and e x t r a c ta b le  manganese b e fo re  
subm ergence.
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15, and a ls o  betw een manganese a f t e r  submergence and f e r ro u s  I ro n  a f t e r  
submergence ( r  = 0 .4 0 0 ) , in  T able 14.
Changes in  pH.
The pH v a lu e s  g iven  in  T able 9 show t h a t  f lo o d in g  in c re a se d  th e  
pH o f th e  s o i l  as much as 1.60 pH u n i t s  in  30 days fo r  th e  a c id  
Baldwin s i l t y  c la y  loam ( s o i l  # 2 2 ). There w ere c e r t a in  s o i l s  in  which 
f lo o d in g  produced th e  re v e rs e  e f f e c t ,  v i z . a r e d u c tio n  in  pH a f t e r  
f lo o d in g . These w ere s ix  n o n -ac id  s o i l s  w ith  pH 's ra n g in g  from 6.95 
to  7 .9 5 . The in c re a s e  in  pH from submergence was p ro b ab ly  due to  th e  
h y d ro ly s is  o f  m in e ra ls  c o n ta in in g  calc ium  and magnesium and th e  p ro ­
d u c tio n  o f h y d rox ide  io n s  as a r e s u l t  o f th e  re d u c tio n  o f f e r r i c  
h y d rox ide  o r h y d ra te d  f e r r i c  o x id e .
The tendency  fo r  s o i l s  o f  low pH to  in c re a s e  in  pH and fo r  
s o i l s  o f  h ig h  pH to  decrease  in  pH upon submergence su g g es ts  t h a t  th e  
pH o f submerged s o i l s  tends to  be b u ffe re d  around n e u t r a l i t y  by 
su b s tan ces  produced as a r e s u l t  o f submergence. Because o f  th e  h igh  
r e l e a s e  o f  f e r ro u s  i ro n  and th e  b u ild u p  of carbon d io x id e  under sub­
merged c o n d it io n s ,  fe rro u s  c a rb o n a te  p robab ly  p la y s  an im p o rtan t r o le  
in  c o n t r o l l in g  th e  pH of submerged s o i l s ,  " S o il  C hem istry" (1963).
The d ec rea se  in  pH was co n fin ed  to  s o i l s  w ith  i n i t i a l l y  h ig h  pH v a lu e s . 
An e x p la n a tio n  fo r  t h i s  m ight w e ll be th a t  the  a c id s  ( l a c t i c  and 
b u ty r ic )  produced in  th e  p ro c e ss  o f an a e ro b ic  fe rm e n ta tio n  were 
r e s p o n s ib le  fo r  t h i s  d ec rease  in  pH. The carbon d io x id e  d is so lv e d  in  
th e  f lo o d  w a te r would a lso  tend  to  s h i f t  th e  pH to  th e  a c id  s id e .  
R eg a rd less  o f th e  mechanism in v o lv ed  th e  in c re a s e  o r d ec rease  in  pH 
as a r e s u l t  o f submergence was r e l a t e d  to  th e  o r ig in a l  pH o f th e
T able 9. S o il  pH as a f f e c te d  by submergence fo r  30 days w ith  and w ith o u t added o rg an ic  m a tte r  
(0.25% ground corn  le a v e s ) .
No. S o il
pH*
I n i t i a l
F looded w ith  
No O.M. added
R e s u ltin g  
F looded  w ith  from 
O.M. added f lo o d in g
R e s u lt in g  from 
f lo o d in g  w ith  
O.M.
D iffe re n c e  
due to  
O.M.
1 Commerce 1 6.85 6 .90 7 .60 40 .05 40 .75 4 0 .7 0
2 Mhoon s ic 6.45 6.77 7 .00 4 0 .3 2 40 .55 4 0 .2 3
3 Commerce 1 6.55 6 .62 7 .21 40 .07 40 .6 6 40 .59
4 Mhoon s i c l 6 .60 6 .69 6 .99 40 .09 40.39 40 .30
5 Sharkey c 6.60 6 .79 7 .03 40 .19 4 0 .4 3 4 0 .2 4
6 R ich lan d s i l 6 . 0 0 6 . 0 0 7.45 0 . 0 0 41.45 41 .45
7 O liv ie r s i l 6.15 6.85 7.25 40 .70 41 .10 40 .40
8 L in to n ia s i l 6.15 6 .40 7.20 40.25 41 .05 40 .8 0
9 G a llio n s i l 6 . 1 0 7 .40 7.49 41 .30 41 .39 40 .0 9
10 Yahola s i l 7.95 7 .90 7 .2 3 -0 .0 5 -0 .7 2 -0 .6 7
11 M ille r s ic 7.65 7.35 7 .42 -0 .3 0 -0 .2 3 40.07
1 2 Y ahola s i 7 .90 7.55 7.65 -0 .3 5 -0 .2 5 40 .1 0
13 Y ahola 1 7.90 7.60 7.25 -0 .3 0 -0 .6 5 4 0 .3 5
14 Sharkey c l 6.95 6.55 7 .11 -0 .4 0 40 .16 40 .56
15 Sharkey s i 7.67 7.55 7.48 - 0 . 1 2 - 0 . 2 2 4 0 .3 4
16 Sharkey s ic 6.05 6 .70 7.05 40 .65 41 .00 40.35
17 Sharkey 1 6.45 7 .02 7.28 40 .57 4 0 .8 3 4 0 .2 6
18 Crowley s i l  . 6 .85 7 .50 7 .50 40 .65 40 .65 0 . 0 0
19 Baldwin s i c l 4 .85 5.35 6.50 40 .50 41.65 41 .1 5
20 Mhoon s i c l 6 .70 7 .10 7.20 40.40 40 .50 40 .10
21 Baldwin s i c l 5 .20 6 .69 6 .95 41 .49 41 .75 40 .2 6
2 2 Baldwin s i c l 5 .50 7.10 6 .99 41 .60 41 .49 - 0 . 1 1
23 M idland s i c l 6.65 7.31 7.06 40 .6 6 40 .41 -0 .2 5
24 R ich lan d s i l 5 .65 6.40 7 .50 40.75 41 .85 41 .10
25 Commerce s i 6 .50 7.06 7 .51 40 .56 41 .01 40 .45
26 I b e r ia c 5 .20 5 .9 4 6 .80 40 .7 4 41 .60 40 .8 6
^One to  one r a t i o  o f a i r - d r y  s o i l  to  d i s t i l l e d  w a te r .
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s o i l ,  F ig u re  13. T h is  r e l a t io n s h ip  had a  c o r r e la t io n  c o e f f i c i e n t  o f 
0 .7 7 7 . An a n a ly s is  o f  th e  r e g re s s io n  e q u a tio n  shows th a t  on th e
av erag e , s o i l s  w ith  o r ig in a l  pH v a lu e s  above 7 .4  d ec reased  in  pH 
a f t e r  submergence and s o i l s  w ith  o r ig in a l  pH v a lu e  below 7 .4  in c re a se d  
in  pH a f t e r  subm ergence. The av erage  in c re a s e  o r d ec rease  was 0 .5 3  
pH u n i t s  fo r  each pH u n i t  below o r above pH 7 .4 .
The d a ta  o f T able 9 show th a t  o rg a n ic  m a tte r  g e n e ra lly  fav o red  
th e  developm ent o f  h ig h e r  a l k a l i n i t y .  These in c re a s e s  in  pH a re  
p robably  th e  r e s u l t  o f  an a c c e le r a te d  re d u c tio n  p ro ce ss  which l i b e r a te d  
iro n  and manganese in  reduced  form s. In  a few ca se s  a d ec rease  in  pH 
r e s u l te d  from add ing  o rg a n ic  m a tte r .  This may have r e s u l te d  from la rg e  
amounts o f carbon d io x id e  and o rg a n ic  a c id s  be ing  produced under 
an aero b ic  c o n d it io n s .
F ig u re s  14a to  14z i l l u s t r a t e  th e  pH v a lu e s  o f  submerged s o i l s  
a t  m onthly i n t e r v a l s ,  f o r  fo u r m onths, fo r  th e  26 s o i l s  b o th  w ith  and 
w ith o u t o rg a n ic  m a tte r  added. G en e ra lly , th e  pH in c re a se d  w ith  d u ra tio n  
of submergence and th en  d ec rease d . The tendency seemed fo r  pH v a lu e s  
to  become more or l e s s  s ta b le  a f t e r  a few months i r r e s p e c t iv e .o f  the  
p resence or absence o f added o rg a n ic  m a tte r .  The f lu c tu a t io n s  appeared  
to  be a s s o c ia te d  w ith  i n i t i a l  pH, o rg an ic  m a tte r  c o n te n t,  and f e r ro u s  
iro n  and manganese f lu c tu a t io n s .  The i n i t i a l  in c re a s e  fo llow ed  by a 
d ecrease  in  pH in d ic a te s  t h a t  a c id  n e u t r a l iz in g  su b stan ces  such as 
fe rro u s  iro n  and manganous manganese a re  f i r s t  r e le a s e d  and the ii 
p r e c ip i ta te d  o r complexed o u t o f  s o lu t io n .  In  t h i s  r e s p e c t  i t  has 
















F ig u re  13. R e la tio n s h ip  between pH o f  s o i l s  submerged 30 days and 
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Figures 14a-14i. Changes in soil pH after submergence with and
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Figures 14j-l4r. Changes in soil pH after submergence with and
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Figures 14s-14z. Changes in soil pH after submergence with and
without added organic matter.
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w ere rough ly  p a r a l l e l  to  so lu b le  f e r ro u s  i r o n ,  w h ile  in  c a lc a reo u s  
s o i l s  th e  m o b iliz a tio n  o f calcium  and magnesium was th e  in f lu e n c in g  
f a c to r ,  " S o il  C hem istry" (19,63).
Changes in  S p e c if ic  C o n d u c tiv ity .
S p e c if ic  c o n d u c tiv ity  o f one to  one s o i l  to  w a te r suspensions 
a re  shown in  T able 10. F looding  in c re a se d  th e  s p e c i f ic  c o n d u c tiv ity  
o f a l l  th e  s o i l s  w ith  th e  e x cep tio n  o f  th e  Sharkey s i l t y  c la y  ( s o i l  
#16) and th e  R ich land  s i l t  loam ( s o i l  # 2 4 ). S p e c if ic  c o n d u c tiv ity  
p e r se, i s  a m easure o f  io n ic  a c t i v i t y  o r c o n c e n tra tio n . In c re a se s  in  
s p e c i f ic  c o n d u c tiv ity  th e r e fo re  r e f l e c t e d  in c re a se s  in  io n ic  con­
c e n t r a t io n s .  The c o r r e la t io n  c o e f f i c i e n t s  in  Table 14 r e f l e c t  the  
f a c t  th a t  s p e c i f ic  c o n d u c tiv ity  was p o s i t iv e ly  h ig h ly  s ig n i f ic a n t ly  
c o r r e la te d  w ith  c la y , o rg an ic  m a t te r ,  ammonia, f e r ro u s  i ro n ,  phosphorus, 
carbon d io x id e  p ro d u c tio n  and methane p ro d u c tio n . The c o r re la t io n s  
w ith  o rg an ic  m a tte r ,  carbon d io x id e  p ro d u c tio n  and methane p ro d u c tio n  
w ere p robab ly  due to  o rg an ic  m a tte r  enhancing  b a c t e r i a l  a c t i v i t y  
th e reb y  a c c e le r a t in g  th e  s o lu b i l i t y  o f  th e  re d u c tio n  p ro d u c ts .
The r e la t io n s h ip  betw een o rg an ic  m a tte r  and s p e c i f ic  c o n d u c tiv ity  i s  
i l l u s t r a t e d  in  F ig u re  15. T ab le 13 shows a h ig h ly  s ig n i f i c a n t  co r­
r e l a t i o n  ( r  » 0 .754) betw een i n i t i a l  s p e c i f i c  c o n d u c tiv ity  and i n i t i a l  
n i t r a t e  n i tro g e n  c o n c e n tra tio n . The two s o i l s  which decreased  in  
s p e c i f ic  c o n d u c tiv ity  upon submergence w ere o r ig in a l ly  th e  h ig h e s t  in  
n i t r a t e  n i tro g e n  c o n c e n tra tio n . O bviously , th e  d ec re a se  in  s p e c i f ic  
c o n d u c tiv ity  o f  th e se  two s o i l s  a f t e r  submergence caused  by th e  lo ss  
o f n i t r a t e  n i tro g e n  th rough  d e n i t r i f i c a t i o n  was n o t com pensated fo r
Table 10. S o il  s p e c i f ic  c o n d u c tiv ity  as  a f f e c te d  by submergence fo r  30 days w ith  and w ith o u t added 
o rg an ic  m a tte r  (0.25% ground corn  l e a v e s ) .
No. S o il
S p e c if ic c o n d u c tiv ity -  mmhos per cm. i
I n i t i a l
D iffe re n c e  
F looded w ith  F looded w ith  due to  
No O.M. added O.M. added f lo o d in g
D iffe re n c e  due 
to  f lo o d in g  
w ith  O.M.
D iffe re n c e  
due to  
added O.M.
1 Commerce 1 0.190 0 . 2 0 0 0 .693 +0 . 1 0 +0.503 40 .493
2 Mhoon s ic 0.338 0.965 1.802 +0.627 +1.464 +0.837
3 Commerce 1 0.148 0.208 0 .901 +0.060 40 .753 40 .693
4 Mhoon s i c l 0 .392 0.772 1.081 +0.380 40.689 40.309
5 Sharkey c 0.772 1.351 1.802 +0.579 +1.630 40 .451
6 R ich land s i l 0 ,129 0 .284 0.540 +0.155 +0.411 40.256
7 O liv ie r s i l 0 .165 0.416 0.772 +0.251 40.607 40.356
8 L in to n ia s i l 0.125 0.186 0.676 +0.063 40 .553 40 .490
9 G allio n s i l 0 .136 0.318 0.601 40.182 40.465 +0.283
10 Y ahola s i l 0.270 0.386 0.901 +0.116 40.631 +0.515
11 M ille r s ic 0.450 0.845 1.081 +0.395 +0.631 +0.236
12 Y ahola s i 0 .229 0.318 0.676 40.089 +0.447 40.358
13 Y ahola 1 0.351 0.540 1.081 +0.189 40.730 40 .541
14 Sharkey c l 0 .294 0.416 1.502 40.122 +1.208 +1.086
15 Sharkey s i 0 . 2 1 1 0 .284 0.711 40 .073 40.500 40.427
16 Sharkey s ic 0.872 0.676 1.351 -0 .1 9 6 40.479 40.675
17 Sharkey 1 0.273 0.416 0.901 40 .143 +0.628 40.485
18 Crowley s i l 0.257 0.416 0.711 40.159 40:454 +0.295
19 Baldwin s i c l 0 .284 0.540 0.772 40 .256 40.488 40 .232
20 Mhoon s i c l 0 .520 0.901 1.228 +0.381 40.708 40.327
2 1 Baldwin s i c l 0.520 0.901 1.228 +0.381 +0.708 40.327
2 2 Baldwin s i c l 0.375 0.901 1.351 +0.526 40.976 40 .450
23 M idland s i c l 0.300 0.540 0.901 40.240 +0.601 40 .361
24 R ich lan d s i l 0.397 0.300 1.081 -0 .097 40 .683 40 .780
25 Commerce s i 0 . 2 2 2 0.225 0.772 +0.003 40.550 40 .547
26 I b e r ia c 0 .552 1.081 1.502 40.529 40.950 40 .421





F ig u re  15. C o r re la t io n  betw een s p e c i f ic  c o n d u c tiv ity  o f s o i l s  
submerged 30 days and s o i l  o rg an ic  m a tte r  c o n te n t.
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by an In c re a se  In  s p e c i f ic  c o n d u c tiv ity  r e s u l t i n g  from th e  in c re a se d  
s o lu b i l i t y  o f  re d u c tio n  p ro d u c ts .
Adding 0 .25  p e r  cen t ground corn  le av es  d e f i n i t e l y  in c re a se d  th e  
s p e c i f i c  c o n d u c tiv ity . This r e f l e c t s  th e  f a c t  th a t  o rg a n ic  m a tte r
augmented th e  p ro d u c tio n  o f  s o lu b le  reduced  p ro d u c ts .
\
N o tic e a b ly , manganese c o n c e n tra tio n s  a f t e r  submergence were 
n o t s ig n i f i c a n t ly  c o r re la te d  w ith  th e  s p e c i f ic  c o n d u c tiv ity  a f t e r  
subm ergence.
Changes in  Redox P o te n t i a l .
The redox  p o te n t ia l s  o f  th e  s o i l s  a t  v a r io u s  tim es a f t e r  sub­
mergence a re  shown in  F ig u res  16a to  16z. R eadings ta k e n  im m ediately  
a f t e r  submergence showed th e  redox p o te n t i a l s  o f  th e  s o i l s  to  range 
from +424 m i l l i v o l t s  in  the  Y ahola sandy loam ( s o i l  #12) to  +634 
m i l l i v o l t s  in  Baldwin s i l t y  c la y  loams ( s o i l  #19 and # 2 1 ), Table 11. 
There was a c lo se  r e la t io n s h ip  betw een th e  redox  p o te n t i a l  tak en  a 
few m inu tes a f t e r  submergence and th e  pH o f  th e  s o i l .  T h is r e l a t i o n ­
sh ip  i s  i l l u s t r a t e d  in  F ig u re  17. The Eh/pH s lo p e  was -6 1 .8  m i l l i v o l t s  
p e r pH u n i t .  This i s  very  c lo se  to  th e  t h e o r e t ic a l  v a lu e  o f -60 m i l l i ­
v o l t s  per pH u n i t  fo r  th e  hydrogen system . Most o f th e  v a r i a t io n  in  
o r ig in a l  redox  p o te n t ia l  was o b v io u sly  due to  d i f f e r e n c e s  in  pH. 
C o rre c tin g  th e se  i n i t i a l  redox p o te n t ia l  v a lu e s  to  pH 7 .0  by means o f 
th e  r e g re s s io n  e q u a tio n  shown in  F ig u re  17 g iv es  an av erag e  i n i t i a l  
redox p o te n t ia l  fo r  a l l  s o i l s  o f  +503 m i l l i v o l t s .
The p o te n t ia l s  decreased  sh a rp ly  a f t e r  subm ergence. In  some 
s o i l s  t h i s  sharp  d ec re a se  was fo llow ed  by a tem porary  r i s e  in  p o te n t i a l .  
The r a p id  f a l l  in  p o te n t ia l  fo llow ed  by a tem porary r i s e  may have been
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Figures 16a-16d. Changes in soil redox potential after submergence























Figures 16e-16h. Changes in redox potential after submergence












Figures 16i-161. Changes in redox potential after submergence with
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6m-16p. Changes in redox potential after submergence with
and without added organic matter.
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Figures 16q-16t. Changes in redox potential after submergence
with and without added organic matter.
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F ig u re s  16u-16x. Changes in  redox p o te n t ia l  a f t e r  submergence
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F ig u re s  16y-16z. Changes in  redox  p o te n t ia l  a f t e r  submergence
w ith  and w ith o u t added o rg an ic  m a tte r .
T able 11. S o il  Eh as a f f e c te d  by submergence fo r  30 days w ith  and w ith o u t added o rg a n ic  m a tte r  
(0.25% ground co rn  le a v e s ) .
No. S o il  Type
_ Eh -■ m i l l i v o l t s
In it ia l^ "
F looded w ith  
No. O.M. added
D iffe re n c e  
F looded w ith  due to  
O.M. added f lo o d in g
D iffe re n c e  due 
to  f lo o d in g  
w ith  O.M.
D iffe re n c e  
due to  
added O.M.
1 Commerce 1 +519 -238 -238 +757 +757 0
2 Mhoon s ic +562 -234 -254 +796 +816 + 2 0
3 Commerce 1 +554 -236 -234 +790 +788 - 2
4 Mhoon s i c l +474 -205 -241 +679 +715 +  36
5 Sharkey c +444 -241 -246 +685 +690 +  5
6 R ich lan d s i l +601 -239 -251 +840 +852 +  1 2
7 O liv ie r s i l +546 -238 -256 +784 +802 + 18
8 L in to n ia s i l +589 -216 -234 +805 +823 + 18
9 G a llio n s i l +569 -226 -228 +795 +797 +  2
1 0 Y ahola s i l +461 -288 -251 +749 +712 -  37
11 M ille r s ic +476 -236 -284 +739 +760 +  2 1
1 2 Y ahola s i +424 -294 -291 +718 +715 - 3
13 Y ahola 1 +444 -281 -276 +725 +720 - 5
14 Sharkey c l +492 - 94 -244 +586 +736 +150
15 Sharkey s i +477 -258 -268 +735 +745 + 10
16 Sharkey s ic +592 -244 -246 +836 +838 + 2
17 Sharkey 1 +582 -226 -254 +808 +836 +  28
18 Crowley s i l +516 -284 -266 +800 +782 - 18
19 Baldwin s i c l +634 -206 -223 +840 +857 + 17
2 0 Mhoon s i c l +491 -251 -254 +742 +745 + 3
2 1 Baldwin s i c l +634 -246 -253 +880 +887 + 7
2 2 Baldwin s i c l +579 -251 -246 +830 +825 - 5
23 M idland s i c l +566 -244 -244 +810 +810 0
24 R ich lan d s i l +582 -236 -244 +818 +826 +  8
25 Commerce s i +494 -254 -258 +748 +752 + 4
26 I b e r ia c +579 -216 -234 +795 +813 +  18
^Measured im m ediately  a f t e r  f lo o d in g  w ith  an excess  o f d i s t i l l e d  w a te r .
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due to  a tem porary b u ild u p  o f  h ig h ly  red u c in g  o rg an ic  compounds r e s u l ­
t in g  from m ic ro b ia l a c t i v i t y .  The tem porary  in c re a s e  in  p o te n t ia l  
p robab ly  r e s u l te d  from th e se  o rg a n ic  p ro d u c ts  be in g  o x id ize d  by i ro n  
and manganese compounds. I ro n  and manganese a re  e f f e c t iv e  in  b u f fe r in g  
th e  redox  p o te n t ia l  as n o ted  in  " S o il  C hem istry" (1963), and as 
d isc u sse d  elsew here in  t h i s  r e p o r t .  With an in c re a s e  in  tim e of sub­
m ergence th e se  s o i l s  became b e t t e r  p o is e d , due to  th e  h ig h e r  concen­
t r a t i o n  o f  reduced  p ro d u c ts , and th e  Eh v a lu e s  became l e s s  e r r a t i c .
The p o te n t ia l s  were observed  to  le v e l  o f f  a t  v a lu e s  o f Eh = -200 to  
-300 m i l l i v o l t s ,  Table 11.
W ith the  a d d it io n  o f 0 .25  p er c e n t ground corn le a v e s  th e  p o ten ­
t i a l s  d ecreased  c o n s id e rab ly  f a s t e r ,  F ig u re s  16a to  16z. Organic 
m a tte r  was u s u a lly  e f f e c t iv e  in  a c c e le r a t in g  th e  re d u c tio n  p ro c e ss .
W ith th e  ex cep tio n  of th e  Sharkey c la y  loam ( s o i l  #14) o rg an ic  m a tte r  
d id  n o t s ig n i f i c a n t ly  lower th e  f i n a l  s ta b le  p o te n t i a l  below the c o r­
respond ing  p o te n t ia l  n o t r e c e iv in g  a d d i t io n a l  o rg a n ic  m a t te r ,  Table 
11. T h is p a r t i c u la r  s o i l  had such a  low o rg a n ic  m a tte r  co n ten t in  
r e l a t i o n  to  i t s  te x tu re  t h a t  ex trem ely  h ig h  red u c in g  c o n d itio n s  cou ld  
n o t be o b ta in ed  w ith o u t th e  a d d i t io n  o f an e x tr a  energy so u rce .
O rganic m a tte r  added to  t h i s  s o i l  r e s u l t e d  in  a g r e a te r  re d u c tio n  of
iro n  and manganese as w e ll  as a low er redox  p o te n t ia l  th an  in  the 
submerged sample n o t r e c e iv in g  o rg a n ic  m a t te r .
There was a h ig h ly  s ig n i f i c a n t  n e g a tiv e  c o r r e la t io n  ( r  = -0 .5 6 4 ) 
between Eh and pH a f t e r  30 days subm ergence, Table 14. T his d a ta  and
i t s  r e g re s s io n  eq u a tio n  a re  p lo t te d  in  F ig u re  18. An Eh/pH slope












pH of Sobm opi Soils
F ig u re  17. R e la t io n s h ip  betw een redox  p o te n t ia l  and pH im m ediately 
a f t e r  subm ergence.
F ig u re  18. R e la t io n s h ip  betw een redox  p o te n t ia l  and pH o f  s o i l s  
submerged 30 days.
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lower s lo p e  th an  th e  -61.8 m i l l i v o l t s  p e r  pH u n i t  s lo p e  w hich e x is te d  
im m ediately  a f t e r  submergence o f  th e  s o i l s .  S lopes o f th e  m agnitude 
o b ta in ed  in  t h i s  s tu d y  have r e c e n t ly  been  observed  and have been 
a t t r i b u t e d  to  th e  p o te n t ia l  o f  b a c t e r i a l  c e l l s ,  " S o il  C h em istry " ,
I
(1963).
The number o f  days re q u ire d  fo r  th e  Eh to  f a l l  to  a v a lu e  o f 
- 2 0 0  m i l l i v o l t s  was found to  be p o s i t iv e ly  s ig n i f i c a n t ly  c o r r e la te d  
w ith  th e  f e r ro u s  i r o n  c o n c e n tra tio n  a t  30 day s , F ig u re  19. T his 
in d ic a te s  t h a t  th e  o x id iz e d  form of i r o n  tended  to  m a in ta in  th e  
p o te n t ia l  a t  a h ig h  v a lu e  u n t i l  i t  was reduced  to  th e  fe r ro u s  form.
The h ig h e r  th e  amount o f re d u c ib le  f e r r i c  i ro n  th e  g r e a te r  th e  
b u f fe r in g  e f f e c t  o f  i ro n  and th e  lo n g er i s  r e q u ire d  fo r  th e  p o te n t i a l  
to  f a l l  to  -200 m i l l i v o l t s .  T h is su g g e s ts  th a t  th e  f e r r i c - f e r r o u s  
system  i s  th e  dom inant redox  system  i n  s o i l s  in s o f a r  as r e ta r d in g  th e  
e s ta b lish m e n t o f reduced  c o n d itio n s  i s  concerned . The in f lu e n c e  of 
manganese was n o t found s ig n i f i c a n t  a lth o u g h  a tendency fo r  manganese 
to  r e t a r d  r e d u c tio n  was n o te d .
Carbon D ioxide and Methane P ro d u c tio n .
As shown in  T able 12 th e  r a t e  a t  w hich carbon d io x id e  was 
r e le a s e d  d u rin g  th e  m in e ra liz a tio n  o f  o rg an ic  m a tte r  under w ate rlo g g ed  
c o n d itio n s  v a r ie d  w ith  s o i l  ty p e , ra n g in g  from 3 .5  to  109.5 c u b ic  c e n t i  
m ete rs  per 100 grams of a i r - d r y  s o i l  (S .T .P .)  f o r  th e  Y ahola sandy 
loam ( s o i l  #12) and th e  I b e r i a  c lay  ( s o i l  # 2 6 ), r e s p e c t iv e ly .  F ig u re  
2 0  shows t h a t  carbon  d io x id e  e v o lu tio n  in c re a se d  w ith  in c re a s in g  c la y  
c o n te n t.  F ig u re  22 shows th a t  th e  m agnitude o f  carbon d io x id e  

























ferrous Iron after 30 Days Submergence — ppm
F ig u re  19. R e la tio n sh ip  between tim e fo r  red o x  p o te n t i a l  to  f a l l  
to  - 2 0 0  m i l l i v o l t s  and fe r ro u s  i r o n  c o n te n t o f s o i l s  
submerged 30 days.
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T able 12. Carbon d io x id e  and methane evolved as a r e s u l t  o£ w ater 
logg ing  fo r  fo u r and o n e -h a lf  m onths.
Sample
No. S o il  Type
Cubic c e n tim e te rs  p e r 100 gms 




1 Commerce 1 9 .7 1.5 6.47
2 Mhoon s ic 42 .5 31.4 1.35
3 Commerce i: 3.7 1 . 8 2.06
4 Mhoon s i c l 48 .0 17.7 2.71
5 Sharkey c 58 .4 44 .8 1.30
6 R ich land s i l 6 .7 0 .7 9.57
7 O liv ie r s i l 1 1 . 2 5 .4 2.07
8 L in to n ia s i l 17.9 1 .3 13.77
9 G allio n s i l 16.0 18.4 0.87
1 0 Yahola s i l 4 .8 8 .5 0.56
1 1 M ille r s i c 1 1 . 1 5 .3 2.09
1 2 Yahola s i 3.5 5 .6 0.62
13 Yahola 1 6 . 0 2 .9 2.07
14 Sharkey c l 26.0 0 .3 86.67
15 Sharkey s i 3 .8 9 .3 0.41
16 Sharkey s ic 16.7 8 .7 1.92
17 Sharkey 1 8 . 2 2 . 2 3.73
18 Crowley s i l 7 .4 6 .4 1.16
19 Baldwin s i c l 13.5 6 .5 2.08
2 0 Mhoon s i c l 50 .5 25.2 2 . 0 0
21 Baldwin s i c l 50 .6 34.9 1.45
2 2 Baldwin s i c l 40 .0 23.1 1.73
23 M idland s i c l 5 .0 3 .6 1.39
24 R ich land s i l 11 .4 2 . 0 5.70
25 Commerce s i 17.9 1 .4 12.78
26 I b e r i a c 109.5 61 .2 1.79
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The s ig n i f i c a n t  p o s i t iv e  e f f e c t s  o f  c lay  and o rg a n ic  m a tte r  on carbon 
d io x id e  e v o lu t io n  w ere l i k e l y  due to  th e  f a c t  th a t  h e a v y -tex tu red  
s o i l s  c o n ta in e d  more o rg a n ic  m a t te r ,  as  has a lre a d y  been shown. The 
much g r e a te r  m ic ro b ia l  p o p u la tio n  o f heavy c la y  s o i l s  a lso  decomposed 
th e  o rg a n ic  m a tte r  more in te n s iv e ly  w ith  a g r e a te r  ev o lu tio n  o f  carbon 
d io x id e .
Under w a te rlo g g ed  c o n d itio n s  c o n s id e ra b le  methane was evo lved  
d u rin g  th e  decom position  o f  carbonaceous s u b s t r a te s .  This i s  r e f l e c t e d  
by th e  d a ta  in  T able  12 w here methane p ro d u c tio n  v a r ie d  from 0 .3  to  
61 .2  cu b ic  c e n tim e te rs  p>er 100 grams o f a i r - d r y  s o i l  (S .T .F .)  fo r  th e  
Sharkey c la y  loam ( s o i l  #14) and th e  I b e r ia  c la y  ( s o i l  #26), r e s p e c ­
t i v e ly .  Methane p ro d u c tio n  was p o s i t iv e ly  c o r r e la te d  w ith  c la y  con­
t e n t ,  o rg a n ic  m a tte r  c o n te n t ,  and carbon d io x id e  p ro d u c tio n  as  can be 
observed  in  F ig u re s  21, 23, and 24. The p ro d u c tio n  o f methane was 
a consequence o f  incom ple te  m etabolism  of o rg an ic  carbon under th e  
low oxygen te n s io n s  o f  submerged s o i l s .  The b io sy n th e s is  o f  methane 
has been a s c r ib e d  to  s p e c ia l  an ae ro b ic  m ethane-form ing b a c te r ia  p re s e n t  
in  w a te rlo g g ed  s o i l s .  Clay s o i l s  w hich a re  su b je c t to  f re q u e n t p e r io d s  
o f an ae ro b ic  c o n d itio n s  a re  l i k e ly  to  have a h ig h  p o p u la tio n  o f 
s p e c ia l iz e d  m ethane p roducing  b a c te r i a .
G e n e ra lly , th e  carbon d io x id e  to  methane r a t i o s ,  ta b u la te d  in  
Table 12, show a  g r e a te r  e v o lu tio n  o f carbon as carbon d io x id e . The 
g r e a te r  e v o lu tio n  o f  carbon  as carbon  d io x id e  than  carbon as m ethane, 
fo r  s o i l s  w ith  r a t i o s  g r e a te r  th a n  1 . 0 0 , may be c o n tr ib u te d  to  th e  
f a c t  t h a t  v ery  la rg e  amounts o f carbon d io x id e  were f i r s t  produced 
when th e  s o i l  was f lo o d e d , and b e fo re  th e  e v o lu tio n  o f methane 









g f  30
100
Clay — %
F ig u re  20. C o r re la t io n  between carbon d io x id e  e v o lu tio n  in  w a te r ­
logged s o i l s  and c lay  c o n te n t.
F ig u re  21. C o r re la t io n  between methane e v o lu tio n  in  w aterlo g g ed
s o i l s  and c lay  c o n te n t.
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Organic Matter — %
F ig u re  22. C o r re la t io n  betw een carbon d io x id e  e v o lu tio n  in  
w aterlogged  s o i l s  and o rg an ic  m a tte r  c o n te n t.
F ig u re  23. C o r re la t io n  betw een m ethane e v o lu tio n  in  w aterlogged  















CH4 - % o ,S.T.P.
F ig u re  24. C o r r e la t io n  betw een carbon d iox ide  and methane 
e v o lu t io n s  in  w aterlo g g ed  s o i l s .
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T able 13. Simple c o r r e la t io n  c o e f f ic ie n t  ( r )  among p h y s ic a l and 
chem ical p ro p e r t ie s  o f  26 L o u is ia n a  s o i l s  b e fo re  sub­
mergence . 1
P.M. NHA+ N03~ Fe++ P Mn pH L Eh
Clay .849 .466 - .474 - - - .739 -
O.M. - .462 .435 - - - .823 -
NH4+ - .511 - - - .6 0 4 .496
NO3 " - ■- - - .754 -
Fe++ - ■- -.4 3 5 - -
P - — - -.4 6 0
Mn •- - •-
PH - - .8 6 2
L -
*r a t  5 p e r  c e n t le v e l  of p r o b a b i l i ty  «* 0 .3 8 8 . 
r  a t  1 p e r cen t le v e l  of p r o b a b i l i ty  = 0 .4 9 6 .
T able 14. Simple c o r r e la t io n  c o e f f i c i e n t  ( r )  among p h y s ic a l ,  chem ical and b io lo g ic a l  p r o p e r t ie s  o f  26 
L o u is ia n a  s o i l s  a f t e r  subm ergence.1
O.M.
N i t r a te
R educ tion
(Q uant.)
N i t r a te  
R educ tion  
(Q ual. ) NH4+ Fe++ P Mn pH L Eh co2 CH4
Clay .849 .820 .546 .714 .625 - - .887 - .781 .762
O.M. .596 .627 .766 .674 .644 - - .918 - .651 .708
N i t r a te  : R ed u c tio n  
(Q uant.) .500 .574 .538 - - - .4 7 6 .662 - .719 .722
N i t r a te  R eduction  
(Q ual.) .736 .474 .499 - - .677 - . 6 8 8 .717
NH4+ . 6 6 8 .407 - - .798 - .674 .733
Fe*+ - .400 -.4 8 6 .671 - .564 .494
P - - :.593 - .432 .447
Mn - - - -
pH - - .5 6 4 - -
L - .829 .774
Eh - -
co 2 .919
■^r a t  5 p e r c e n t le v e l  o f  p r o b a b i l i ty  *= 0 .3 8 8 . 
r  a t  1 p e r c e n t le v e l  o f  p r o b a b i l i ty  = 0 .4 9 6 . N>
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Table 15. Sim ple c o r r e la t io n  c o e f f i c i e n t  ( r )  among p h y s ic a l  and chem ical 
p r o p e r t ie s  b e fo re  submergence and p h y s ic a l,  chem ical and 
b io lo g ic a l  p r o p e r t ie s  a f t e r  submergence fo r  26 L o u is ia n a  





P Mn pH L Eh
N it r a te
t io n
Reduc- 
(Quant) .663 .505 -.4 0 0 .569 _
N it r a te  Reduc­
t io n  (Qual) .409 - .492 - .544 -
nh4+ .522 - .551 -.567 .528 -
F e ^ .428 .405 - .468 -.577 .556 .422
P - - - .908 - .486 -
Mn - - - .755 - -
pH .604 - - .777 - - .6 4 1
L .387 - .460 - .774 -
Eh - - - - - - -
co2 .631 - .519 -.4 4 1 .547 -
ch4 .580 - .586 - .568 -
l r  a t  5 per c e n t le v e l  o f  p r o b a b i l i ty  * 0 .3 8 8 . 
r  a t  1 p er c e n t le v e l  o f p r o b a b i l i ty  = 0 .4 9 6 .
The mass sp ec tro m e te r a n a ly s is  a lso  re v e a le d  th e  p re sen c e  o f  
n i t ro g e n  g a s , oxygen, w a te r vapor and argon w hich a re  n a tu r a l  con­
s t i t u e n t s  o f th e  atm osphere. A n a ly sis  o f hydrogen was n o t made. 
Carbon d io x id e  and methane accounted fo r  m ost o f  th e  g a se s .
SUMMARY AND CONCLUSIONS
»
A study  has been made o f th e  e f f e c t s  o f  submergence on d e n i t r i ­
f i c a t io n  and physicochem ical p r o p e r t ie s  o f  26 L o u is ian a  s o i l s .
F lood ing  m o ist s o i l s  w ith  a s o lu t io n  c o n ta in in g  n i t r a t e  n itro g e n  
and p e r io d ic a l ly  an a ly z in g  fo r  n i t r a t e s  in d ic a te d  a re d u c tio n  of 
n i t r a t e  w ith  tim e . N i t r a te  re d u c tio n  r a t e s  w ere c a lc u la te d  fo r  each 
o f th e  26 s o i l s  s tu d ie d  w ith o u t th e  a d d it io n  o f o rg a n ic  m a t te r .  These 
r e d u c tio n  r a t e s  were p o s i t iv e ly  c o r r e la te d  w ith  c la y ,  o rg a n ic  m a tte r ,  
and carbon d io x id e  and m ethane e v o lu t io n . W ith th e  a d d i t io n  of b rg an ic  
m atte r; in  th e  form o f 0 .2 5  p er c e n t ground corn  le a v e s ,  th e  n i t r a t e  
r e d u c tio n  r a t e s  were alm ost in v a r ia b ly  in c re a s e d  w ith  each sample 
resp o n d in g  d i f f e r e n t ly  to  th e  added o rg a n ic  m a t te r .
In  a second experim ent on n i t r a t e  r e d u c t io n ,  n i t r a t e  re d u c tio n  
r a t e s  w ere e s tim a te d  by adding n i t r a t e  to  submerged an ae ro b ic  s o i l s  
and m easuring  n i t r a t e  q u a l i t a t i v e ly  to  d e term in e  how long i t  r e q u ire d  
th e  s o i l  to  reduce  th e  n i t r a t e .  The r e s u l t s  o b ta in e d  by t h i s  second 
method d i f f e r e d  in  some r e s p e c ts  b u t were in  g e n e ra l agreem ent w ith  
th e  r e s u l t s  o f  th e  f i r s t  experim en t.
N itro g en  gas was th e  on ly  gaseous p ro d u c t o f  d e n i t r i f i c a t i o n ,  
in  a p p re c ia b le  q u a n t i ty ,  d e te c te d  by mass sp e c tro m e te r  a n a ly s is  a f t e r  
add ing  n i t r a t e  n i tro g e n  to  h ig h ly  reduced  and w a te rlo g g ed  s o i l s .  
Recovery o f  th e  added n i t r a t e  as n i tro g e n  gas ran g ed  from 0 .3  per cen t 
to  80 .0  p er c e n t .  No n i t r a t e  was d e te c te d  in  th e  s o i l  a t  th e  tim e of
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gas a n a ly s is .  O bv iously , p a r t ,  and In  some cases  alm ost a l l ,  o f the  
added n i t r a t e  was p re se n t as in te rm e d ia te  p ro d u c ts .
F looding m arkedly in c re a se d  th e  ammonia c o n te n t o f th e  s o i l s .  
There was a  h ig h ly  s ig n i f i c a n t  p o s i t iv e  c o r r e la t io n  between o rg an ic
i ■
m a tte r  c o n ten t b e fo re  f lo o d in g  and th e  ammonia c o n te n t 30 days a f t e r  
f lo o d in g . Under submerged c o n d it io n s  th e  m in e ra l iz a t io n  of n itro g e n  
stopped  a t  th e  ammonia s ta g e .  W ith th e  a d d i t io n  o f 0 .25  per cen t
i '
ground corn leav es  f lo o d in g  caused  an even g r e a te r  in c re a se  in  ammonia. 
The added o rg an ic  n i tro g e n  was m in e ra liz e d  to  d i f f e r e n t  e x te n ts  in  
d i f f e r e n t  s o i l s .  The m in e ra l iz a t io n  o f  some n i tro g e n  from th e  o rg an ic  
m a tte r  i n i t i a l l y  p re se n t ap p ears  to  have been s tim u la te d  by th e  added 
o rg a n ic  m a te r ia l .
Submergence caused v e ry  la rg e  in c re a s e s  in  i ro n  which were 
p o s i t iv e ly  c o r re la te d  w ith  c la y  and o rg a n ic  m a tte r  c o n te n ts .  This 
r e la t io n s h ip  was due to  th e  g r e a te r  re d u c tio n  o f o x id ize d  forms of 
i ro n  by m icroorganism s and by red u ced  p ro d u c ts  o f m ic ro b ia l 'a c t iv i ty  
as shown by th e  c o r r e la t io n s  o f f e r ro u s  iro n  w ith  carbon d io x id e  and 
methane e v o lu t io n . F e rro u s  iro n  re p re s e n te d  n e a r ly  a l l  the  e x tr a c ta b le  
i ro n  30 days a f t e r  subm ergence. The c o n c e n tra tio n s  o f fe rro u s  iro n  
a f t e r  30 days submergence w ere n o t s t a t i s t i c a l l y  h ig h e r  where o rg an ic  
m a tte r  was added, a lth o u g h  th e re  was an in d ic a t io n  o f t h i s  e f f e c t .
The more a c id  s o i l s  had la r g e r  f e r ro u s  i ro n  c o n c e n tra tio n s  under 
submergence due to  th e  f a c t  th a t  th e se  a c id  s o i l s  a re  u s u a lly  h ig h er 
in  iro n  o x id e . No c o r r e l a t io n  e x is te d  betw een th e  fe rro u s  iro n  
c o n te n ts  b e fo re  f lo o d in g  and a f t e r  f lo o d in g .
1 2 9 .
F looding  g e n e ra l ly  in c re a s e d  th e  amount o f  e x t r a c ta b le  phos­
phorus. There was an av e rag e  in c r e a s e  o f  21 p e r c e n t in  e x t r a c ta b le  
phosphorus a f t e r  submergence fo r  30 days. The amount o f phosphorus 
r e le a s e d  was a f f e c te d  by th e  o rg a n ic  m a tte r  c o n te n t o f  th e  s o i l .  The 
re d u c tio n  o f  f e r r i c  p h osphate  to  t h e  more s o lu b le  fe rro u s  phosphate  
obv io u sly  c o n tr ib u te d  to  in c r e a s e s  in  e x t r a c ta b le  phosphorus in  sub­
merged s o i l s .
Extractable manganese concentrations were increased after flooding 
and th e se  c o n c e n tr a t io n s  w ere r e l a t e d  to  th e  manganese c o n c e n tra tio n s  
b e fo re  f lo o d in g . There was an av erag e  s ix - f o ld  in c re a se  in  e x tr a c ta b le  
manganese upon subm ergence. S im ila r ly  to  f e r r i c  compounds, manganic 
compounds, a c t in g  as e le c t r o n  a c c e p to r s ,  were p robably  reduced  bo th  
b io lo g ic a l ly ,  and c h e m ic a lly . The e f f e c t  o f  adding o rg an ic  m a tte r  
was in c o n s is te n t  a lth o u g h  th e r e  was a  tendency  fo r  an in c re a se  in  
manganese to  r e s u l t  from o rg a n ic  m a tte r  a d d i t io n .  S ince manganese 
i s  so r e a d i ly  reduced  i t  i s  l i k e ly  t h a t  o rg a n ic  m a tte r  in  a d d i t io n  to  
th a t  a lre a d y  p re s e n t  in  th e  s o i l  i s  n o t n e c e ssa ry  fo r  manganese 
r e le a s e  under submerged c o n d it io n s .
F lood ing  fo r  30 days g e n e ra l ly  in c re a se d  th e  pH o f th o se  s o i l s  
w ith  i n i t i a l  pH .values below 7 .4  and d ec rease  th e  pH o f s o i l s  w ith
i
i n i t i a l  pH v a lu e s  above 7 .4 .  The av erag e  in c re a s e  o r d ec rease  was 
0 .53  pH u n i t  fo r  each  pH u n i t ,  below or above pH 7 .4 .  The r e s u l t s
I
showed th a t  th e  g r e a t e s t  in c re a s e s  in  pH can be expected  from s o i l s  
w ith  a lower initial pH. O rganic m a tte r  g e n e ra lly  favored  th e  develop­
ment o f a higher pH a f t e r  30 days subm ergence. In c re a se s  in  pH were 
co n sid e red  due to  h y d ro ly s is  o f  m in e ra ls  and red u c tio n , p ro c e sse s  w h ile
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d e c re a se s  w ere a t t r i b u t e d  to  o rg an ic  a c id s  produced d u rin g  a n a e ro b ic  
fe rm e n ta tio n , and to  d is s o lv e d  carbon d io x id e . There was a tendency  
fo r  th e  pH o f  submerged s o i l s  to  be b u ffe re d  around n e u t r a l i t y ,  w ith  
f e r ro u s  ca rb o n a te  p o s s ib ly  p la y in g  an im p o rtan t r o l e .
S p e c if ic  c o n d u c tiv ity  g e n e ra lly  in c re a se d  upon submerging th e  
s o i l s .  T h is in c re a s e  was h ig h ly  c o r re la te d  w ith  c la y ,  o rg a n ic  m a t te r ,  
ammonia, fe r ro u s  i r o n  and phosphorus c o n te n ts  and w ith  carbon d io x id e  
p ro d u c tio n  and methane p ro d u c tio n . Drops in  s p e c i f i c  conductance a f t e r  
submergence were a s s o c ia te d  w ith  s o i l s  which were i n i t i a l l y  v e ry  h ig h  
in  n i t r a t e  n i t ro g e n .
There was a c lo se  in v e rse  r e la t io n s h ip  between Eh im m ediately  
a f t e r  submergence and th e  pH o f  th e  s o i l .  The Eh/pH s lo p e  was -6 1 .8  
m i l l i v o l t s  p e r  pH u n i t .  Submergence caused a sharp  drop in  p o te n ­
t i a l .  P o te n t ia l s  a f t e r  32 days f lo o d in g  were observed  to  l e v e l  o f f  a t  
-200 to  -300 m i l l i v o l t s ,  ex cep t fo r  th e  Sharkey c la y  loam ( s o i l  # 1 4 ). 
T h is was a t t r i b u t e d  to  i t s  r a th e r  low o rg an ic  m a tte r  c o n te n t in  
r e l a t i o n  to  i t s  te x tu r e .  The a d d it io n  o f o rg an ic  m a tte r  caused  a 
f a s t e r  drop in  p o t e n t i a l .  There was a ls o  a c lo se  in v e rse  r e l a t io n s h ip  
betw een Eh and pH a f t e r  30 days submergence. The Eh/pH s lo p e  w a s-3 6 .6  
m i l l i v o l t s  p e r  pH u n i t .  The h ig h e r  th e  re d u c ib le  f e r r i c  i ro n  con­
t e n t  th e  lo n g e r i t  r e q u ire d  to  become h ig h ly  red u c in g  ( - 2 0 0  m i l l i ­
v o l t s )  .
Methane and carbon d io x id e  e v o lu tio n s  were th e  main gaseous p ro ­
d u c ts  o f w a te rlo g g ed  s o i l s .  Methane and carbon d io x id e  w ere p o s i t iv e ly  
c o r r e la te d  w ith  each o th e r ,  and w ith  th e  o rg an ic  m a tte r  and c la y  
c o n te n ts  o f  th e  s o i l s .
LIST OF REFERENCES
A charya, C. N. (1935a). S tu d ies  on th e  an ae ro b ic  decom position  o f
p la n t  m a te r ia ls .  I .  A naerobic d ec o m p o s itio n 'o f  r i c e  s traw . 
Biochem. J o u r . 29:528-541.
A charya, C. N. (1935b). S tu d ie s  on th e  a n ae ro b ic  decom position  o f
p la n t  m a te r ia ls .  I I .  Some f a c to r s  in f lu e n c in g  th e  a n a e ro b ic
decom position  o f r i c e  s traw . Biochem. Jo u r: 29 :953-960 .
A charya, C. N. (1935c). S tu d ies  on th e  a n ae ro b ic  deco m p o sitio n  o f
p la n t  m a te r ia ls .  I I I .  Comparison o f th e  co u rse  o f decom posi­
t io n  under a n a e ro b ic , a e ro b ic  and p a r t i a l l y  a e ro b ic  c o n d it io n s .  
Biochem. J o u r . 29:1116-1120.
A iy e r , P. A. S. (1920). The gases o f swamp r i c e  s o i l s .  V. A
m ethane o x id iz in g  b ac te riu m  from r i c e  s o i l s .  Mem. D ept. A g ric . 
I n d ia .  Chfem. S er. 5,: 173-180.
A lex an d er, M. (1961). In tro d u c tio n  to  S o il  M icro b io lo g y . John 
W iley and Sons, In c . New York, N. Y.
A l l i s o n ,  F . E . ,  C a r te r ,  J .  N ., and S te r l in g ,  L. D. (1 9 6 0 ). The 
e f f e c t  o f p a r t i a l  p re s s u re  o f oxygen on d e n i t r i f i c a t i o n  in  
s o i l .  S o il  S c i .  Soc. Amer. P roc. 24:283-285.
Andrews, W. B ., and S ingh, A. (1957). D e n i t r i f i c a t io n  in  w a te r ­
logged s o i l s .  A sso c ia tio n  of S outhern  A g r ic u l tu r a l  W orkers, 
P ro ceed in g s , pp. 75-76.
Anonymous. (1946) . S tandard  Methods fo r  th e  E xam ination  o f W ater 
and Sewage. American P u b lic  H ealth  A sso c ia tio n .
A oki, M. (1940). On th e  re d u c tio n  o f n i t r a t e  in  paddy f i e l d  s o i l .  
J o u r . S c i .  S o il  Manure. 14:63-76.
Aomine, S. (1962). A rev iew  on redox p o te n t i a l s  o f  paddy s o i l s  in  
Jap an . S o il  S c i .  9 4 :6 -1 3 .
A rn o ld , P. W. (1954). Losses o f n i t ro u s  ox ide from s o i l .  J o u r .
S o il  S c i .  5 :116 -128 .
Bartholom ew, R. P. (1928). E f f e c t  o f  i r r i g a t i o n  on r e a c t io n  o f  r i c e  
s o i l s .  Ark. A g ric . E xpt. S ta . B u ll .  231.
Bartholom ew, R. P. (1929). The a v a i l a b i l i t y  o f n itro g e n o u s  f e r ­
t i l i z e r s  to  r i c e .  S o il  S c i .  28:85-100.
131
132
B a t je r ,  L. P. (1933). S easonal v a r i a t io n  in  o x id a tio n -re d u c tio n  
p o te n t i a l  o f  some o rc h a rd  s o i l s .  P ro c . Amer. Soc. H o rt. S c i.
38-101.
Bhuiyan, S. (1949). T ran sfo rm atio n  o f n i t ro g e n  in  r i c e  s o i l .  S o il 
S c i .  61 :231-237.
B loom fie ld , C. (1953). P a r t  1 . The m o b il iz a t io n  o f i ro n  and 
aluminum by S co ts  p in e  n e e d le s . J o u r .  S o i l  S c i .  4 :5 -1 6 .
B o ru ff , C. S . ,  and B usw ell, A. M. (1929). F e rm e n ta tio n  p ro d u c ts  o f
c e l lu lo s e .  In d u s, and Eng. Chem. 21:1181-1182.
B o ru ff , C. S . ,  and B usw ell, A. M. (1930). F e rm e n ta tio n  p ro d u c ts  from
corn  s t a lk s .  In dus, and Eng. Chem. 22:931-933.
B ra d f ie ld , R. (1941). Calcium  in  th e  s o i l .  I .  Physicochem ical 
r e l a t i o n s .  S o il  S c i. Soc. Amer. P ro c . 6 :8 -1 5 .
B ra d f ie ld ,  R . ,  B a t je r ,  L. P . ,  and Ofckamp, J .  (1934). S o ils  in  r e l a ­
t io n  to  f r u i t  growing in  New York. P a r t  IV. The s ig n if ic a n c e  
o f th e  o x id a t io n - re d u c tio n  p o te n t i a l  in  e v a lu a tin g  s o i l s  fo r  
o rch a rd  p u rp o ses . C o rn e ll U niv. A g ric . E xp t.' S ta , B u ll .  592.
Bremner, J .  M ., and Shaw, K. (1958). D e n i t r i f i c a t io n  in  s o i l .  I .  
Methods o f in v e s t ig a t io n s .  J o u r . A g ric . S c i .  51 :22-52 .
B roadbent, F . E. (1951) D e n i t r i f i c a t i o n  in  some C a l i fo rn ia  s o i l s .
S o il  S c i .  72:129-137.
B roadbent, F . E . ,  and S to ja n o v ic . (1952). The e f f e c t  o f  p a r t i a l
p re s s u re  o f oxygen on some s o i l  n i t ro g e n  tra n s fo rm a tio n s . S o il  
S c i .  Soc. Amer. P roc . 16;359-363.
B rom fie ld , S. M. (1954). The re d u c tio n  o f i ro n  ox ide by b a c te r ia .
J o u r . S o il  S c i .  5.: 129-138.
Brown, L. A. (1934). O x id a tio n -re d u c tio n  p o te n t i a l s  in  s o i l s .  I .
P r in c ip le s  and e le c tro m e tr ic  d e te rm in a tio n . S o il  S c i. 37 :65-76.
B uehrer, T. F . ,  M artin , W. P . ,  and P a rk s , R. Q. (1939). The o x id a tio n -  
re d u c tio n  p o te n t ia l  o f  a lk a l in e  c a lc a re o u s  s o i l s  in  r e l a t i o n  to  
pu d d lin g  and o rg a n ic  m a tte r  d eco m p o sitio n . Jo u r . Amer. Soc.
Agron. 31:903-914.
Burrow s, W., and Cordon, T. C. (1936). The in f lu e n c e  o f th e  decom­
p o s i t io n  o f o rg an ic  m a tte r  on th e  o x id a t io n - re d u c tio n  p o te n t ia l  
o f  's o i l s .  S o il  S c i .  4 2 :1 -1 0 .
Cady, F . B .,  and Bartholomew, W. V. (1960). S e q u e n tia l p ro d u c ts  o f  
a n ae ro b ic  d e n i t r i f i c a t i o n  in  N o rfo lk  s o i l  m a te r ia l .  S o il  S c i .
Soc. Amer. P ro c . 24:477-482.-
133
Cady, F . B .,  and Bartholom ew, W. V. (1961). In flu en ce  of low p(>2 on 
d e n i t r i f i c a t i o n  p ro c e sse s  and p ro d u c ts . S o il  S c i. Soc. Amer. 
P ro c . 25:362-365.
C a r te r ,  J .  N ., and A ll is o n ,  F . E. (1960). In v e s t ig a t io n s  on d e n i­
t r i f i c a t i o n  in  w e ll  d ra in e d  s o i l s .  S o il S c i. 90:173-177.
C la rk , F . E . ,  and R esn ick y , J .  W. (1956). Some m in era l elem ent
le v e ls  in  th e  s o i l  s o lu t io n  o f a submerged s o i l  in  r e l a t i o n  to  
r a t e  o f  o rg a n ic  m a tte r  a d d i t io n  and le n g th  o f f lo o d in g . T ran s . 
S ix fh  I n t e r .  Cong. S o i l  S c i .  Comm. IV (c):5 4 5 -5 4 8 .
C la rk , F . E . ,  N earp ass , D. C. and S p ech t, A. W. (1957). In f lu e n c e  o f
o rg an ic  a d d i t io n s  and f lo o d in g  on iro n  and manganese up take by
r i c e .  Agron. J o u r .  49 :586-589 .
Conner, S. D. (1917). The e f f e c t  o f d ra in ag e  in  s o i l  a c id i ty .
S cience 46,: 346.
Conner, S. D. (1918). S o il  a c id i ty  as a f f e c te d  by m o istu re  co n d i­
t io n s  o f th e  s o i l .  J o u r .  A g ric . R es. 15:321-329.
D a lto n , J .  D ., R u s s e l l ,  6 . C ., and S ie l in g ,  D. H. (1952). E f f e c t  o f
o rg a n ic  m a tte r  on phosphate  a v a i l a b i l i t y .  S o il  S c i. 73:173-181.
D a rn e ll ,  M. C. J r . ,  and E isenm enger, W. S. (1936). O xidation-
re d u c tio n  p o te n t i a l s  o f  s o i l  su sp en sio n s  in  r e l a t io n  to  a c id i ty  
and n i t r i f i c a t i o n .  J o u r . A g ric . R es. 53 :73 -80 .
Day, P. R. (1956). R ep o rt o f  th e  com m ittee on p h y s ic a l a n a ly s is ,
1954-55. S o il  S c i .  Soc. Amer. P ro c . 20:167-169.
De, P. K ., and D ig a r, S. (1955). In f lu e n c e  o f th e  r ic e  crop  on th e
lo s s  o f  n i t ro g e n  gas from w ate rlo g g ed  s o i l s .  Jo u r. A g ric . '
S cience (Ja p a n ) . 45 :280-282 .
De, P. K ., and S a rk a r , S. N. (1936). T ran sfo rm atio n  of n i t r a t e  in  
w ate rlo g g ed  s o i l s .  S o il  S c i .  42 :143-155 .
D en n e tt, J .  H. (1 9 3 2 ). A p re lim in a ry  n o te  on th e  r e a c t io n  of paddy 
s o i l s .  M alay, A g ric . J o u r . 20 :518.
Dickman, S. R . ,  and B ray , R. H. (1940). C o lo r im e tric  d e te rm in a tio n  
o f ph o sp h ate . In d . Eng. Chem. A nal. Ed. 12:665-668.
F ra p s , 6 . S. (1906). M ain ta in in g  th e  f e r t i l i t y  o f  r ic e  s o i l s ,  a
chem ical s tu d y . Tex. A g ric . E xpt. S ta . B u ll. No. 82.
F u jim o to , C. K ., and Sherman, G. D. (1948). Behaviour o f manganese 
in  th e  s o i l  and th e  manganese c y c le . S o il  S c i .  66:131-145.
t
134
F u jiw a ra , A. (1950). Chemical c o n s t i tu t io n  and a v a i l a b i l i t y  o f  i ro n  
and aluminum p h o sp h a te s . I .  S tu d ie s  on th e  c o n s t i tu t io n s  and 
m an u ria l e f f e c t s  o f s c a rc e ly  s o lu b le  p h o sp h a te s . Tohoku.
J o u r . A g ric . R es. _1:129-142.
G asse r, J .  K. R. (1956). The e f f e c t s  o f a n a e ro b ic a lly  fe n n e n tin g  
r i c e  s tra w  (O riza  s a t iv a )  on th e  m o b iliz a tio n  o f aluminum, 
ca lc iu m  and i ro n  p h o sp h a te s . T rans. S ix th  I n te r .  Cong. S o il  
S c i .  Comm. IV ( c ) -.479-491.
G i l le s p ie ,  L. J .  (1920). R eduction  p o te n t ia l s  o f  b a c t e r i a l  c u l tu re s  
and o f w a te rlo g g ed  s o i l s .  S o il  S c i. 9.: 199-216.
G len tw orth , R. (1947). D is tr ib u t io n  of th e  t o t a l  and a c e t i c  a c id  
s o lu b le  pho sp h ates  in  s o i l  p r o f i l e s  hav ing  n a tu r a l ly  f r e e  and 
impeded d ra in a g e . N ature  159:441.
G len tw orth , R . ,  and D ion, H. G. (1949). The a s s o c ia t io n  o f  h y d ro lo g ic  
sequence in  c e r t a in  s o i l s  o f th e  F o d zo lic  zone o f  N o rth e a s t 
S c o tla n d . J o u r .  S o il  S c i .  1,:35-49.
G reaves, J .  E. and C a r te r ,  E. G. (1920). In flu e n c e  o f m o is tu re  on 
th e  b a c t e r i a l  a c t i v i t i e s  o f th e  s o i l .  S o il  S c i .  10 :361-388 .
H alvorson , H. 0 . (1931). S tu d ie s  on the  tra n s fo rm a tio n  o f i ro n  in
n a tu re .  I I I .  The e f f e c t  o f C02 on th e  e q u ilib r iu m  o f  i ro n  
s o lu t io n s .  S o il  S c i .  32 :141-165.
H ardy, F . ,  and R o d rig u es , G. (1946). Some sugarcane s o i l  p r o f i l e s  
o f B r i t i s h  G uiana. Paper No. 2 /4 6 , Imp. C o ll. A g ric . T r in id a d .
Harmsen, G. W., and Van Schreven , D. A. (1955). M in e ra l iz a t io n  o f
o rg a n ic  n i tro g e n  in  s o i l .  Advances in  Agronomy. Academic P re s s ,  
In c . N. Y. V II . 299-398.
H a rriso n , W. H. (1920). The gases o f  swamp r i c e  s o i l s .  VI. Carbon 
d io x id e  and hydrogen in  r e l a t i o n  to  r i c e  s o i l s .  Mem. Dept.
A g ric . In d ia .  Chem. S er. 5 :181-194.
H a rriso n , W. H ., and A iy e r, P. A. S. (1913). The gases o f  swamp r i c e
s o i l s .  I .  T h e ir  com position  and r e la t io n s h ip  to  th e  c ro p .
Mem. D ept. A g ric . I n d ia .  Chem. S e r. _3:65-104.
H a rr iso n , W. H ., and A iy e r, P. A. S. (1915). The gases o f  swamp
r i c e  s o i l s .  I I .  T h e ir  u t i l i z a t i o n  fo r  th e  a e r a t io n  o f  th e  ro o ts  
o f  th e  c ro p . Mem. D ept. A g ric . In d ia .  Chem. S e r. 4 :1 -1 8 .
H a rriso n , W. H ., and A iy e r , P. A. S. (1916). The gases o f swamp
r i c e  s o i l s .  I I I .  A hydrogen o x id iz in g  b ac te riu m  from th e se  
s o i l s .  Mem. D ept. A g ric . I n d ia .  Chem. S e r. 4 :135-148 .
.135
H a rriso n , W. H ., and A iy e r, P. A. S. (1916). The g a se s  o f  swamp r ic e  
s o i l s .  IV. The sou rce  o f th e  gaseous s o i l  n i t r o g e n .  Mem.
D ept. A g ric . In d ia .  Chem. S e r . 5,: 1 -31 .
Hauck, R. D ., and M els ted , S. W. (1956). Some a s p e c ts  o f  th e  problem 
o f  e v a lu a tin g  d e n i t r i f i c a t i o n  in  s o i l s .  S o il  S c i .  Soc. Amer.
P ro c . 20:361-364.
H e in tz e , S. 6 . (1934). The use  o f  th e  g la s s  e le c tro d e  in  s o i l  r e a c t io n
and o x id a tio n -re d u c tio n  p o te n t ia l  m easurem ents. J o u r . A g ric .
S c i .  2 k - 28-41.
H e s te r ,  J .  B. and S k e lto n , F . A. (1947). S o lu b i l i ty  o f  i r o n  in  sub­
merged s o i l .  Science 106:595.
I
H urw itz , C. (1948). E f fe c t  o f tem p era tu re  o f  ii ic u b a tio n  o f ammended 
s o i l  on exchangeable manganese. S o i l  S c i .  66 :267-272 .
I g n a t i e f f ,  V. (1941). D eterm ination  and b eh av io u r o f f e r ro u s  iro n  
in  s o i l s .  S o il  S c i .  51:249-265.
Is la m , M. A ., and Choudhury, A. A. (1960). D is t r ib u t io n  o f i r o n ,  
m anganese, and phosphorus in  th e  paddy s o i l  p r o f i l e .  Jo u r .
A g ric . S c i .  54 :318-320.
Is lam , M. A ., and E la h i ,  M. A. (1954). R ev e rs io n  o f  f e r r i c  i ro n  to  
fe r ro u s  iro n  under w aterlogged  c o n d itio n s  and i t s  r e l a t i o n  to  
a v a i la b le  phosphorus. Jo u r . A g ric . S c i .  4 5 :1 -2 .
Ja ck so n , M. L. (1958). S o il  Chem ical A n a ly s is . P re n tic e -H a l1 , In c . 
Englewood C l i f f s ,  New J e rs e y .
J a n ss e n , G ., and M etzger, W. H. (1928). T ran sfo rm a tio n  o f n i tro g e n  
in  r i c e  s o i l .  Jo u r . Amer. Soc. Agron. 20 :459-476 .
Ja n sso n , S. L . ,  and C la rk e , F. E. (1952). Losses o f  n i t ro g e n  during  
decom position  of p la n t  m a te r ia l  i n  th e  p re sen ce  o f in o rg a n ic  
n i t ro g e n .  S o il  S c i .  Soc. Amer. P ro c . 16 :330-334 .
Joach im , A. W. R .,  and K andiah, S. (1929). L ab o ra to ry  and f i e l d
s tu d ie s  on green  m anuring under p ad d y -lan d  (a n a e ro b ic )  c o n d itio n s . 
T rop. A g ric . (C eylon). 72:253-271.
J o f f e ,  J .  S. (1935). S o il  p r o f i l e  s tu d ie s .  V II. The g le y  p ro c e ss .
S o il  S c i .  39:391-401.
J o n e s , E. J .  (1951). Loss o f e lem en ta l n i t ro g e n  from s o i l s  under 
an ae ro b ic  c o n d itio n s . S o il  S c i. 71 :193-195 .
Kapp, L. C. (1933). Study o f  r i c e  f e r t i l i z a t i o n .  A rk. A g ric . Expt. 
S ta .  B u ll .  No. 291.
Kamura, T . ,  T ak a i, Y .,  and Ish ik aw a , K. (1963). M ic ro b ia l re d u c tio n  
mechanism o f  f e r r i c  I ro n  In  paddy s o i l s .  1 . S o il  S c i. and 
P la n t N ut. 9 :171-175 .
K e lly , W. P. (1911). The a s s im i la t io n  o f  n i tro g e n  by r i c e .  Hawaii 
A g ric . E xpt. S ta . B u ll .  No. 24.
K e lly , W. P. and McGeorge, W. (1 9 1 3 ). The e f f e c t  o f  h e a t  on Hawaiian 
s o i l s .  Hawaii A g ric . E x p t. S ta .  B u ll .  No. 30.
K i t to ,  W. H. (1938). A c o n t r ib u t io n  to  w a te r a n a ly s is .  P a r t  1 .
S p e c if ic  c o n d u c tiv ity  as a  m easure o f  t o t a l  d is so lv e d  s o l id s .  
A n a ly st. 63 :162-167.
Kliman, S. (1937). The im portance  o f  f e r ro u s  i ro n  in  p la n ts  and 
s o i l s .  S o il  S c i .  Soc. Amer. P ro c . 2 :385-392 .
Kumada, K. and Asami, T . (1958). A new method fo r  de term in in g  fe r ro u s  
i ro n  in  paddy s o i l s .  S o il  and P la n t  Food ,3:187-193.
L eeper, 6 . W. (1947). The form s and r e a c t io n s  o f  manganese in  th e  
s o i l .  S o il  S c i .  6 3 :7 9 -9 4 .
L oew enstein , H ., E n g e lb e r t ,  L. E . ,  A tto e , 0 . J . .  and A lle n , 0. N.
(1957). N itro g en  lo s s  in  gaseous form  from s o i l s  as In flu e n ce d  
by f e r t i l i z e r s  and management. S o il  S c i .  Soc. Amer. P roc. 
21:397-400.
Lutw ick, L. E. and DeLong, W. S. (1954). L each a tes  from decomposing 
le a v e s . I I .  I n te r a c t io n  w ith  s o i l  form ing m in e ra ls . Can.
Jo u r. A g ric . S c i .  34 :203-213 .
McGeorge, A. J .  (1953). P hosphate  movement and n a tu r a l  drainage.
Jo u r. S o il  S c i .  4 :8 6 -9 7 .
M andal, L. N. (1961). T ran sfo rm a tio n  o f i ro n  and manganese in  w a te r­
logged r i c e  s o i l s .  S o il  S c i .  91 :121-126.
M andal, L. N. (1962). L evels  o f  i r o n  and manganese in  s o i l  s o lu t io n  
and the  growth o f r i c e  in  w a te rlo g g ed  s o i l s  in  r e l a t i o n  to  the  
oxygen s ta tu s  o f s o i l  s o lu t io n .  S o i l  S c i .  94:387-391.
Mann, P. J .  G. and Q u a s te l, J .  H. (1946). Manganese m etabolism  in  
s o i l s .  N ature 158:154-156 .
M etzger, W. H. (1930). R ep laceab le  b ases  o f i r r i g a t e d  s o i l s .  S o il 
S c i. 29:251-260.
M etzger, W. H. and J a n s s e n , G. (1928). The r e l a t i o n  o f  sodium n i t r a t e  
and c e r ta in  o th e r  n i t ro g e n  c a r r i e r s  on th e  developm ent o f 
c h lo ro s is  in  r i c e .  J o u r .  A g ric . R es. 37 :589-602.
137
M its u i , S . (1 9 5 4 ). In o rg a n ic  N u t r i t io n . F e r t i l i z a t i o n  and A m eliora­
t io n  fo r  Lowland R ic e . Yakendo L t d . , Tokyo.
M ortim er, C. H. (1941). The exchange o f  d is so lv e d  su b s ta n c e s  betw een 
mud and w a te r in  la k e s .  J o u r . Ecology 29 :280-329.
''M otom ura, S . ,  Akiyama, Y ., Yamanaka, K. (1962). E f f e c t  o f  o rg a n ic  
m a tte r  on s o i l  m etabolism  under submerged c o n d itio n s . S o il  
S c i .  and P la n t  N ut. 8 :4 3 -4 4 .
Murphy, H. F . (1926). A m m onification in  Red P r a i r i e  s o i l s .  J o u r . 
Amer. Soc. Agron. 18:177-163.
Nagaoka, M. (1904). On th e  a c t io n  o f v a r io u s  phosphates upon r i c e  
p l a n t s .  B u ll .  C o ll . A g ric . Tokyo Imp. U ni. 6,:215?261.
N a jja r ,  V. A ., and A lle n , M. B. (1954).- Form ation o f  n i t r o g e n ,  
n i t r o u s  o x id e , and n i t r i c  ox ide  by e x t r a c t s  o f d e n i t r i f y in g  
b a c t e r i a .  J o u r . B io l.  Chem. 206:209-214.
Ng, S. K. and B lo o m fie ld , C. (1962). The e f f e c t  o f f lo o d in g  and 
a e r a t io n  'on th e  m o b ili ty  o f c e r ta in  t r a c e  elem ents in  s o i l s .  
P la n t  and S o i l .  16 :108-135.
Nommik, H. (1 9 5 6 ). I n v e s t ig a t io n s  on d e n i t r i f i c a t i o n  in  s o i l .  A cta 
A g ric . Scand. 6 :195-228 .
Owen, 0 . ,  W insor, G. W. and Long, M. I .  E. (1950). E f f e c t  o f  C/N 
r a t i o  upon fo rm a tio n  o f  n i t r a t e  and ammonia from amino a c id s  
in  s o i l .  N atu re  166:152.
Panganiban , E. H. (1925). Tem perature as  a f a c to r  in  n i t ro g e n  
changes in  th e  s o i l .  J o u r . Amer. Soc. Agron. 1 7 :1 -3 1 .
P a t r ic k ,  W. H ., J r .  (1960). N i t r a te  re d u c tio n  r a t e s  in  submerged 
s o i l s  as  a f f e c te d  by redox  p o te n t i a l .  T ran s . Seventh  I n t .
Cong. S o il  S c i .  Comm. 2 :494-500.
P a t r ic k ,  W. H ., J r .  (1964). E x tra c ta b le  i ro n  and phosphorus in  a 
submerged s o i l  a t  c o n tro l le d  redox p o te n t i a l s .  S ubm itted  fo r  
p u b l ic a t io n .  T ran s . E ig h t I n t .  Cong. S o i l  S c i .  B u c a re s t, 
Rom ania.
P a t r ic k ,  W. H ., J r .  and S tu rg is ,  M. B. (1955). C o n c e n tra tio n  and 
movement o f oxygen as r e l a t e d  to  a b so rp tio n  o f ammonium and 
n i t r a t e  n i t ro g e n  by r i c e .  S o il  S c i .  Soc. Amer. P ro c . 1 9 :5 9 -6 2 .
P a u l, H ., and DeLong, W. H. (1949). E f fe c t  o f  f lo o d in g  on s o i l  
phosphorus. S c i .  A g ric . 29:137-147.
138
P e a r s a l l ,  W. H. (1938). The s o i l  complex I n - r e l a t i o n  to  p la n t  
com m unities. 1. O x id a tio n -re d u c tio n  p o te n t i a l s  In  s o i l s .
J o u r . Ecology 26:180-193.
P e a r s a l l ,  W. H. (1950). The in v e s t ig a t io n  o f  w et s o i l s  and i t s  
a g r i c u l tu r a l  im p lic a tio n s . The Emp. J o u r . E x p t. A g ric . 18: 
289-298.
P e a r s a l l ,  W. H. (1952). The pH o f  n a tu r a l  s o i l s  and i t s  e c o lo g ic a l  
s ig n i f ic a n c e .  J o u r . S o il  S c i .  ^3:41-51.
P e a r s a l l ,  W. H ., and M ortim er, C. H. (1939). O x id a tio n -re d u c tio n
p o te n t ia l s  in  w aterlogged  s o i l s ,  n a tu r a l  w a te rs  and muds. Jo u r. 
Ecology 27:483-501.
P earso n , R. W., Norman, A. G ., and Ho, C. (1941). The m in e ra liz a ­
t io n  o f  o rgan ic  phosphorus o f v a r io u s  compounds in  s o i l .  S o il  
S c i .  Soc. Amer. P roc. 6,: 168-175.
Peech, M ., A lexander, L. T . ,  Dean, L. A ., and Reed, J .  F . (1947), 
Methods o f s o i l  a n a ly s is  fo r  s o i l  f e r t i l i t y  in v e s t ig a t io n s .
U. S. D ept. Agr. C irc u la r  No. 757.
P ie rc e ,  R. S. (1953). O x id a tio n -re d u c tio n  p o te n t i a l  and s p e c i f i c
conductance of ground w a te r : t h e i r  in f lu e n c e  on n a tu r a l  f o r e s t
d i s t r i b u t i o n .  S o il  S c i .  Soc. Amer. P ro c . 17 :61 -67 .
P ip e r ,  C. S. (1931). The a v a i l a b i l i t y  o f  manganese in  th e  s o i l .
J o u r . A g ric . S c i. 21:762-779.
Ponnamperuma, F . N. (1955). The ch em is try  o f  submerged s o i l s  in  
r e l a t i o n  to  the growth and y ie ld  o f  r i c e .  U npublished  PhD 
T h e s is ,  C ornell Univ. I t t ta c a ,  N. Y.
P r e s c o t t ,  J .  A ., and P ip e r ,  G. R. (1930). N i t r a te  f lu c tu a t io n s  in  
a  so u th  A u s tra lia n  s o i l .  J o u r . A g ric . S c i .  20 :517-531.
P u r i ,  A. N ., and Sarup, A. (1938). O x id a tio n -re d u c tio n  p o te n t ia l s  
in  s o i l s .  S o il S c i. 46:323-329.
Q u isp e l, A. (1947). Measurement o f  th e  o x id a tio n - re d u c tio n  p o te n t ia l s  
o f  normal and inu n d ated  s o i l s .  S o i l  S c i .  63 :265-275 .
Rao, G. G ., and Varadanam. Ch. I .  (1938). P ho toam m onification  of 
o rg a n ic  n itro g e n o u s  compounds in  th e  s o i l .  N atu re  142:618.
Reed, F . J . , and S tu rg is ,  M. B. (1939). Chemical c h a r a c t e r i s t i c  o f 
th e  s o i l s  o f th e  r ic e  a re a  o f L o u is ia n a . La. A g ric . E xpt. S ta . 
B u ll .  No. 307.
R ic h a rd s , L. A. (1948). Porous p la t e  a p p a ra tu s  fo r  m easuring  m oistu re  
r e te n t io n  and tra n sm iss io n  by s o i l s .  S o il  S c i .  66 :105-110 .
139
R obinson, W. 0 . (1930). Some chem ical phases o f  submerged s o i l
c o n d itio n s . S o i l  S c i .  30:197-217.
R u sse l, E. J .  and H u tch in so n , H. B. (1909). The e f f e c t  o f  p a r t i a l  
s t e r i l i z a t i o n  o f  s o i l  on th e  p ro d u c tio n  o f  p la n t  food . J o u r . 
A g ric . S c i. ,3:111-144.
S c h n itz e r ,  M., and DeLong, W. A. (1954). Note on r e l a t i v e  c a p a c i t ie s  
o f s o lu t io n s  o b ta in e d  from f o r e s t  v e g e ta t io n  fo r  m o b il iz a t io n  
o f i ro n .  Can. J o u r .  A g ric . S c i .  34:542-543.
S c h o lle n b e rg e r , C. J .  (1928). Manganese as an a c t iv e  b ase  in  th e  
s o i l .  S o il  S c i .  25 :357-358.
S c reen iv asan , A ., and Subrahmanyan, V. (1935). B iochem istry  o f w a te r ­
logged s o i l s .  IV. Carbon and n i tro g e n  tra n s fo rm a tio n . Jo u r . 
A g ric . S c i. 2 5 :6 -2 1 .
S h ap iro , R. E. (1958a). E f f e c t  o f  f lo o d in g  on a v a i l a b i l i t y  o f  phos­
phorus and n i t r o g e n .  S o il  S c i .  85 :190-197 .
S h ap rio , R. E. (1958b). E f f e c t  o f o rg a n ic  m a tte r  and f lo o d in g  on 
a v a i l a b i l i t y  o f  s o i l  and s y n th e t ic  p h o sp h a te s . S o il  S c i. 
85:267-272.
S ingh, B. N. and N a ir ,  K. M. (1939). I s  s u n lig h t  a  f a c to r  in  n i tro g e n  
tra n sfo rm a tio n ?  S o il  S c i .  47 :285-291 .
S i r c a r ,  S. S. G ., De, S. C ., and Bhowmick, H. D. (1940). M icrob io ­
lo g ic a l  decom position  o f  p la n t  m a te r ia ls .  I .  Changes in  th e  
c o n s t i tu e n ts  o f r i c e  s tra w  (K anaktara) produced by m icroorganism s 
u nder a e ro b ic  an a e ro b ic  and w a te rlo g g ed  c o n d it io n s . In d ia n  
J o u r . A g ric . S c i .  10 :119-151.
" S o il  Chem istry" (1963). I n te r n a t io n a l  R ice  R esearch  I n s t i t u t e .
Los Banos, Laguna, P h i l ip p in e s . Annual R ep o rt. M an ila , pp. 
61-68.
Somers, I .  I .  and S h iv e , J .  W. (1942). The iron-m anganese r e l a t i o n  
in  p la n t  petaboli-sm . P la n t  P h y sio . 17 :582-601.
S ta rk e y , R. L. and H alvo rson , H. 0 . (1927). S tu d ie s  on th e  t r a n s ­
fo rm atio n s  o f i ro n  in  n a tu r e .  I I .  Concerning th e  im portance 
o f m icroorganism s in  th e  s o lu t io n  and p r e c ip i t a t i o n  o f i ro n .
S o il  S c i. 24:381-401 .
S tephenson , R. E . ,  S c h u s te r ,  C. E . ,  and S p u ln ik , Jo e . (1938). Oxida- 
t io n - r e d u c t io n  p o te n t i a l s  in  o rch ard  s o i l s .  Jo u r . Amer. Soc. 
Agron. 30 :91-96 .
140
S tu r g i s ,  M. B. (1936). Changes in  th e  o x id a t io n - re d u c tio n  e q u ilib r iu m  
in  s o i l s  as r e l a t e d  to  th e  p h y s ic a l p r o p e r t ie s  o f  th e  s o i l  and 
th e  grow th o f  r i c e .  La. A gric . E xp t. S ta . B u ll .  No. 271.
Subrahmanyan, V. (1929). B iochem istry  o f w a te rlo g g ed  s o i l s .  I I I .
D ecom position o f  ca rb o h y d ra tes  w ith  s p e c ia l  r e fe r e n c e  to  form a­
t io n  o f  o rg a n ic  a c id s .  Jo u r . A g ric . S c i .  19 :627-648,
T a k a i, Y ., Koyama, T . , and Kamura, T. (1963). M ic ro b ia l m etabolism  
in  re d u c tio n  p ro c e ss  o f paddy s o i l s .  I I .  E f f e c t  o f  i ro n  and 
o rg a n ic  m a tte r  on th e  re d u c tio n  p ro c e s s . S o il  S c i .  and P la n t 
N u tr i t io n  9 : 176-180.
Twyman, E. S. (1946). The iron-m anganese b a lan ce  and i t s  e f f e c t  on 
th e  growth and developm ent o f  p la n t s .  New P h y to lo g is t  4 5 :1 8 -2 3 .
V olk , N. J .  (1938). O x id a tio n -re d u c tio n  p o te n t i a l s  in  r e l a t i o n  to  
s o i l  c h a r a c t e r i s t i c s  and p la n t  grow th. S o il  S c i .  Soc. Amer.
P ro c . 3:122.
W hitney, M. and Means, T. H. (1897). An e l e c t r i c a l  method o f d e te r ­
m ining  th e  s o lu b le  s a l t  co n ten t o f  s o i l s .  U. S. D ept. Agr.
D iv. S o i l s .  B u ll .  No. 8 .
W ij le r ,  J .  and D elw iche, C. C. (1954). I n v e s t ig a t io n s  on th e  d e n i t r i ­
fy in g  p ro c e ss  in  s o i l .  P la n t and S o il  5,: 155-169.
W i l l i s ,  L. G. (1932). O x idation  re d u c tio n  p o te n t i a l s  and th e
h y d ro g en -io n  c o n c e n tra tio n  o f a s o i l .  J o u r . A g ric . R es. 
45 :571-575 .
W i l l i s ,  L. G. (1934). Some p o te n t ia l  changes induced  by lim in g
su sp en s io n s  o f a  p ea t s o i l .  N. C. E xp t. S ta '. Tech.. B u ll No.
4 7 :1 -1 6 .
W i l l i s ,  L. G. (1936). Evidences o f th e  s ig n i f ic a n c e  o f o x id a tio n -
re d u c tio n  e q u ilib r iu m  in  s o i l  f e r t i l i t y  p rob lem s. S o il  S c i.
Soc. Amer. P ro c . J . :291-297.
W i l l i s ,  W. H ., and S tu rg is ,  M. B. (1945). Loss o f  n i t ro g e n  from
flo o d ed  s o i l  as  a f f e c te d  by changes in  tem p era tu re  and r e a c t io n .  
S o il  S c i .  Soc. Amer. P roc . 9.: 106-113.
Yamane, I .  (1957). N i t r a te  re d u c tio n  and d e n i t r i f i c a t i o n  in  flo o d ed  
s o i l s .  S o il  and P la n t Food. .3:100-103.
Y udkin , J .  (1935). The re d u c tio n  p o te n t i a l s  o f  b a c t e r i a l  su sp en s io n s . 
Biochem. J o u r . 29:1130-1138.
AUTOBIOGRAPHY
F ra n c is  Ham ilton Redman was born  June 21, 1933 a t  San Pedro de 
M acoris , Dominican R ep u b lic . He re c e iv e d  h i s  e lem en tary  ed u ca tio n  in  
th e  Dominican R ep u b lic  and B arbados, and h ig h  school t r a in in g  in  
B arbados, W. I .
He e n te re d  Macdonald C o llege  o f M cGill U n iv e rs ity , in  M ontreal 
Canada, in  Septem ber, 1952 and g rad u a ted  in  May, 1956.
In  Septem ber, 1956, he began g ra d u a te  s tudy  a t  th e  U n iv e rs ity  
o f H aw aii, from which he re c e iv e d  a M aster o f  S cience degree in  
Ja n u a ry , 1958.
He was employed from November, 1957 to  Ju n e , 1960 in  th e  c a p a c ity  
o f Agronom ist fo r  C e n tra l Romana C o rp o ra tio n , in  th e  Dominican 
R ep u b lic . >
In  June 1960 he e n te re d  L o u is ia n a  S ta te  U n iv e rs ity  to  co n tin u e  
g ra d u a te  study  and i s  now a c a n d id a te  fo r  th e  degree o f Doctor of 
P h ilo sophy .
141
EXAMINATION AND THESIS REPORT
Candidate: F ra n c is  H am ilton Redman
Major Field: Agronomy
Title of Thesis: E f fe c t  o f  Submergence o f  D e n i t r i f i c a t io n  and Physicochem ical
P ro p e r t ie s  o f  Im p o rtan t L o u is ian a  S o ils
Approved:
Major Professor and Ch
Dean of the Graduate School
EXAMINING COMMITTEE:
2 ' /  - ✓ ^
 r f r q  L ,  Crvv.
0
Date of Examination: 
Ju ly  27, 1964
